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ABSTRACT 
 
Solid oxide fuel cells (SOFCs) are of increasing interest as low emission, high efficiency, 
energy conversion devices for the production of electricity, and in some cases heat, from a 
wide range of fuels. In general, a porous cermet of nickel/ytrria-stabilized-zirconia (Ni/YSZ) 
is used as an anode with a dense electrolyte of ytrria stabilized zirconia (YSZ), enabling 
operation at temperatures above around 750 oC. Nevertheless, operating at high 
temperature leads to various problems such as metal corrosion, electrode sintering, and 
unwanted interfacial diffusion in the cell. In this regard, cermet anodes such as 
nickel/samarium-doped-ceria (Ni/SDC) and nickel/gadolinium-doped-ceria (Ni/CGO) have 
been proposed as alternative anodes to be operated with SDC and CGO electrolytes at 
intermediate temperatures (< 700 oC), respectively. However, less attention has been 
given to nickel/scandia-stabilized-zirconia (Ni/ScSZ) cermet anodes as alternatives for 
intermediate temperature SOFCs, despite the fact that the ScSZ electrolyte exhibits a 
higher ionic conductivity compared to other zirconia electrolytes, which may offer some 
advantages, especially at lower temperature. Furthermore, Ni/ScSZ anodes have shown 
improved tolerance towards carbon deposition and sulphur poisoning in addition to 
improved durability when compared to Ni/YSZ anodes.  
To date there have only been limited studies into the relationship between the materials 
used, the processing conditions, and the properties and performance of Ni/ScSZ anodes. 
This thesis is therefore aimed at (i) studying the optimum fabrication conditions and 
properties of Ni/ScSZ anodes, (ii) investigating the effect of ingredients such as binder 
content, solvent type and solid content in the ink formulation on the rheological properties 
of NiO/ScSZ inks and their applicability for screen-printing and (iii) relating the rheological 
properties of NiO/ScSZ inks to the performance and properties of the resultant anode 
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films. A large part of the work is focussed on the fabrication and rheological properties of 
NiO/ScSZ screen-printing inks. The properties are linked to the particle network strength 
within the formulated inks and relate to the microstructure, mechanical strength, electrical 
performance and electrochemical performance of the resultant anode films. 
Overall, Ni/ScSZ anodes having 40 vol% Ni were found to be optimum in terms of both 
electronic conductivity and electrode polarization resistance. The anode exhibited 
improved tolerance towards carbon deposition compared to Ni/YSZ at intermediate 
temperature (700 oC). The effects of binder and solid content on the rheological properties 
of NiO/ScSZ screen-printing inks were studied by evaluating the thixotropic properties, 
yield stress and viscoelastic properties of the inks. The study indicated improved 
thixotropic properties, yield stress and particle network strength within the inks as the 
binder and solid content increased. These improved properties can be related to better 
particle bridging within the inks. A percentage ink recovery of 40 to 65 % was determined 
sufficient for the production of quality films with minimum defects. From the study, inks 
having 26 vol% solid with 3 wt% binder or 28-30 vol% solid with 2 wt% binder were 
determined as optimum for screen-printing using squeegee load, squeegee length, printing 
speed, snap-off and screen type of 6 kg, 5 in, 0.02 m/s, 2 mm and 325, respectively. 
Furthermore, films fabricated using these inks revealed improved particle connectivity, 
higher electronic conductivity, lower electrode polarization resistance and improved 
mechanical hardness. The solvent type was determined to have only a small impact 
compared to the binder and solid contents in the inks.  
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NOMENCLATURE 
Roman Symbols Description 
A Contact area (m2) 
Ao Space occupied by nitrogen gas (nm
2) 
a Lattice parameter (Å) 
b Lattice parameter (Å) 
c Lattice parameter (Å) 
cp mass (g) of ethyl cellulose binder in 100 ml solution (g/ml) 
C Constant related to the interaction between gas and solid 
Cdl Double-layer capacitance (F) 
D Diffusion coefficient of the reacting ions (cm2/s) 
DC Direct current (A) 
DBET Mean particle size of powder based on BET surface area (nm) 
DTEM Mean particle size of powder based on TEM micrograph (nm) 
DXRD Mean particle size of powder based on XRD pattern (nm) 
dd  thickness of green film (m) 
E Potential (V) 
E
o
 Ideal standard fuel cell potential (V) 
Ea Activation energy (J/mol) 
Ec Actual cell potential (V) 
Er Theoretical potential (V) 
F Faraday‟s constant (Coulombs/electron-mol) 
f Frequency (Hz) 
G’ Elastic/storage modulus (Pa) 
18 
G” Viscous/loss modulus (Pa) 
G* Complex modulus (Pa) 
∆G Gibbs free energy change (V-Coulombs/mol) 
H Hardness (MPa) 
h Total displacement of indenter (m) 
i Current density (A/cm2) 
io Exchange current density (A/cm
2) 
iL Limiting current (A) 
J Compliance (1/Pa) 
JC Creep compliance (1/Pa) 
JR Recovery compliance (1/Pa) 
Li Inductance (H) 
l Thickness of the anode film (m) 
M Formula weight (g/mol) 
Mv Molar volume occupied by a gas at STP (cm
3) 
m Slope of the graph (g/cm3) 
md Mass of dry film (mg) 
mw  Mass of wet film (mg) 
No  Avogadro‟s constant 
n y-intercept of the graph (g/cm3) 
P Partial pressure (atm) 
Po Partial pressure of nitrogen at saturation (atm) 
Pmax Maximum load (mN) 
Q Pure capacitance (F) 
q Effective charge 
R Gas constant (J/mol-K) 
19 
R (%) Percentage of ink recovery 
RA Average resistance () 
R Ohmic resistance () 
Rp Polarization resistance () 
Rs Series resistance () 
Rct Charge transfer resistance () 
S Area of printed film (cm2) 
S/C Steam-to-carbon ratio 
SBET BET surface area (m
2/g) 
S Elastic unloading stiffness (mN/nm) 
T Temperature (oC) 
t Time (s) 
Uf Fuel utilization (%) 
V Unit cell volume (cm3) 
   
    Concentration oxide ion vacancies 
Wcarbon Amount of deposited carbon (mg)  
w Sample weight (g) 
X Gas adsorbed onto the surface of the samples (cm3/g) 
Xm Maximum mono-layer gas adsorption (cm
3/g) 
x Concentration of dopant cations (mol%) 
Z Complex impedance () 
Zf Number of formula units 
ZRe Real part of complex impedance () 
ZIm Imaginary part of complex impedance (Farad) 
z Number of electrons 
  
20 
Greek Symbols Description 
α Transfer coefficient 
     Activity of the reacting ions 
  Full width at half maximum (degree) 
  Strain 
  ̇ Shear rate (1/s) 
 ̇  Critical shear rate (1/s) 
 ̇  Characteristic shear rate (1/s) 
   Maximum strain 
 Phase shift (degree) 
L Thickness of the diffusion layer (cm) 
𝜂 Instantaneous viscosity (Pa.s) 
[] Intrinsic viscosity (Pa.s) 
o Solvent viscosity (Pa.s) 
b Solvent-binder mixture viscosity (Pa.s) 
i Inherent viscosity (Pa.s)  
r Relative viscosity 
 Ohmic loss (V) 
act  Activation overpotential (V) 
m Mass transport overpotential (V) 
 Wave length of Cu K radiation (nm) 
 Mobility of the charged ions (cm
2/V.s) 
 Angular velocity (rads
-1) 
 Theoretical density of powder (g/cm
3) 
d Particle packing density of green films (g/cm
3) 
21 
 Particle packing density of the wet films (g/cm
3) 
powder  Density of NiO/10Sc1CeSZ powder (g/cm
3) 
solvent  Density of solvent (g/cm
3) 
 Shear stress (Pa) 
i Ionic conductivity (S/cm) 
DC DC conductivity (S/cm) 
o Stress amplitude (Pa) 
σy Yield stress (Pa) 
 Angle (degree)  
  
Units Description 
A Ampere 
Å Angstrom 
atm Atmosphere 
oC Degree Celsius 
F Farad 
g Gram 
Hz Hertz 
h Hour  
J Joule 
K Kelvin 
L Litre 
kWe kilowatt of electrical energy 
m Metre 
min Minute 
mol% Mole percentage 
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 Ohm 
Pa Pascal 
ppm Parts per million 
rads-1 Radian per second 
rpm Revolutions per minute 
S Siemen 
s Second 
V Voltage 
vol% Volume percentage 
W Watt 
wt% Weight percentage 
  
Abbreviations Description 
ABO3 Perovskite-type rare-earth complex oxides 
AFC Alkaline fuel cell 
BET Brunauer-Emmet-Teller 
BPR Back pressure regulator 
BSE Backscattered electrons  
CGO Gadolinium doped ceria 
CHFS Continuous hydrothermal flow synthesis 
CHP Combined heat and power 
CMC Carboxyl unit per molecule cellulose 
CPE Constant phase element  
CTE Coefficient of thermal expansion 
CVD Chemical vapor deposition 
DI Deionized water 
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DMFC Direct methanol fuel cell 
EC Ethylene cellulose 
EIS Electrochemical impedance spectroscopy 
EDS Energy dispersive analytical system  
EPD Electrophoretic deposition 
FCC Face-centered cubic 
FFT Fast Fourier Transform  
FRA Frequency response analyzer 
EVD Electrochemical vapor deposition 
FWHW Full width at half maximum  
ICSD Inorganic Crystal Structure Database  
IT-SOFC Intermediate temperature solid oxide fuel cell  
LSCF Lanthanum strontium cobaltite ferrite 
LSGM Lanthanum gallate doped with Sr and Mg 
LSM Lanthanum strontium manganite 
LVR Linear viscoelastic region 
MCFC Molten carbonate fuel cell 
OCP Open circuit potential 
PAFC Phosphoric acid fuel cell 
PDF Powder diffraction file 
PEMFC Polymer electrolyte membrane fuel cell 
PMMA Poly(methacrylate) 
PVB Poly(vynil butyral) 
PVD Physical vapor deposition 
ScSZ Scandia stabilized zirconia 
SDC Samarium doped ceria 
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SE Secondary electrons  
SEM Secondary electron microscopy 
STP Standard temperature and pressure 
TEM Transmission electron microscopy 
TNT Transient network theory 
TPB Triple phase boundary 
XRD X-ray powder diffraction 
YSZ Yttria stabilized zirconia 
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CHAPTER 1.       
Introduction 
1.1 Background and Motivation for Research 
Today fuel cells are much in the news since they appear to be one of the most efficient 
and effective solutions to environmental problems that we face today. It is now well 
established that global warming is taking place due to effluent gas emission, mainly CO2 
from the combustion of fossil fuels. In the International Energy Outlook 2008 reference 
case, world total carbon dioxide emissions are projected to rise from 28.1 billion metric 
tons in 2005 to 34.3 billion metric tons in 2015 and 42.3 billion metric tons in 2030 as 
shown in Fig. 1.1. In 1990, China and India together accounted for 13 percent of world 
carbon dioxide emissions and in 2030 it is projected to be 34 percent of the total world 
emissions [1].  
 
Fig. 1.1 – Total world CO2 emissions from the combustion of fossil fuels [1] 
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Therefore, very efficient energy conversion devices such as fuel cells are desired to 
address global warming. Of the several types of fuel cells, the solid oxide fuel cell (SOFC) 
is one of the promising and efficient in terms of electricity generation.  At the moment, 
SOFCs have been launched into the early stage of commercial manufacture in some 
developed countries with several hundreds of residential stationary power units (1 kWe) 
being tested and larger units (100 kWe) or above) being evaluated by various utility 
companies around the world [2, 3]. Although great progress has been made, SOFC 
technology is still in its development stage and several hurdles remain before the 
widespread commercialization of SOFCs can be realized. For conventional SOFCs, a high 
operating temperature (for example, 800-1000 oC) is required to ensure sufficiently high 
ionic conductivity and fast electrode kinetics, because of the low oxide ion conductivity of 
the commonly used yttria stabilized zirconia (YSZ) electrolyte and the high overpotential at 
the electrodes at lower operating temperature. However, the high operating temperature 
causes many serious problems such as: (1) severe restrictions on the choice of materials, 
(2) electrode sintering, (3) interfacial diffusion between electrode and electrolyte, and (4) 
mechanical stress due to different thermal expansion coefficients [4]. To overcome these it 
is desirable to operate SOFCs at reduced temperatures (≤ 800 oC). By reducing the 
temperature to between 600 and 800 oC, the cost of SOFC technology may be 
dramatically reduced since much less expensive materials can be used in cell 
construction, and novel fabrication techniques can be applied to the stack and system 
integration. Furthermore, as the operating temperature is reduced, system reliability and 
operational life increase, as does the possibility of using SOFCs for a wide variety of 
applications, including residential and automotive applications [5-10]. 
To realize the operation of SOFCs at reduced temperature, materials such as 
La(Sr)Ga(Mg)O3 (lanthanum gallate doped with Sr and Mg, LSGM) [11-13], Sc2O3-ZrO2 
(scandia stabilized zirconia, ScSZ) [4, 14-17], Gd2O3-CeO2 (gadolinium doped ceria, CGO) 
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[18-21] and Sm2O3-CeO2 (samarium doped ceria, SDC) [22-24] have been investigated as 
candidate electrolyte materials to the conventional YSZ electrolyte material because of 
their higher oxide ion conductivity at reduced temperature compared to YSZ. In the case of 
anodes, nickel/samarium-doped-ceria (Ni/SDC) [25-27] and nickel/gadolinium-doped-ceria 
(Ni/CGO) [28-30] have been proposed as promising anode materials for intermediate 
temperature SOFCs (IT-SOFCs). However, there have been limited studies reported on 
nickel/scandia-stabilized-zirconia (Ni/ScSZ) anodes for intermediate temperature SOFCs 
(IT-SOFCs). Therefore, in this study ScSZ was selected as an electrolyte candidate to 
fabricate a Ni/ScSZ anode electrode for IT-SOFCs. The application of the Ni/ScSZ anode 
with the dense ScSZ electrolyte may lower the operating temperature of SOFCs down to 
650 oC as revealed by Park et al. [16] in the case of an anode-supported cell.  
Furthermore, the ionic conductivity of ScSZ (10 mol% Sc2O3-1 mol% CeO2-89 mol% ZrO2) 
which is around 0.15 S/cm at 800 oC [31, 32] compared to only 0.03 S/cm at 800 oC in the 
case of YSZ (8 mol% Y2O3-92 mol% ZrO2) [33], may offer several advantages (e.g. greater 
electrochemical activity) especially during the operation at lower temperatures. 
Additionally, a few studies have shown that Ni/ScSZ anodes show good tolerance towards 
carbon and sulphur, in addition to improved durability compared to Ni/YSZ anode [34-36], 
which is why this type of cermet was studied as an alternative anode for IT-SOFCs in this 
research.   
1.2 Objectives of Thesis 
The main objectives of this thesis are as follows: 
(a) To study the optimum fabrication conditions and properties of Ni/ScSZ anodes. 
(b) To study the possibility of preparing screen-printing inks using nano-sized powders 
synthesized via continuous hydrothermal flow synthesis (CHFS) for the production of 
anode films.  
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(c) To study the effect of ingredients such as binder content, solvent type and solid 
content in the ink formulation on the rheological properties of NiO/ScSZ inks and their 
applicability for screen-printing. 
(d) To relate the rheological properties of NiO/ScSZ inks to the performance and 
properties of the resultant anode films. 
(e) To determine the optimum screen-printing inks based on the performance of resultant 
anode films. 
1.3 Outline of the Thesis 
This thesis is organized into nine chapters as follows: 
Chapter 1 presents an introduction to the thesis which includes the background and 
motivation for the research and its objectives. 
Chapter 2 presents an overview of relevant literature related to fuel cells, and in particular 
to solid oxide fuel cells, including their operation, components, materials and design. Also, 
this chapter discusses and compares the general properties of electrolyte and anode 
materials including conductivity, durability and mechanical properties of the materials. 
Furthermore, a review of ink rheology for screen-printing application is briefly discussed in 
this chapter. 
Chapter 3 gives a detailed explanation on how the powder and inks are prepared followed 
by rheological measurement and screen-printing. Furthermore, the experimental 
procedures used during the sintering, reduction and characterization of the resultant anode 
films are also presented in this chapter.  
Chapter 4 explains the fabrication conditions and characteristics of Ni/ScSZ anodes for IT-
SOFCs. In this study, NiO/ScSZ inks were prepared as a function of Ni content followed by 
screen-printing, sintering and reduction. The properties of films such as electrical 
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conductivity, electrochemical performance, and porosity were studied in order to determine 
the optimum Ni content and fabrication conditions for this type of anode. Also, the 
degradation of Ni/ScSZ and Ni/YSZ cermets activity by carbon deposition was briefly 
investigated and compared. 
Chapter 5 presents a brief discussion on the possibility of screen-printing ink fabrication 
using nano-sized powder of NiO/YSZ. The nano powder was synthesized via a novel 
method called the three-pump continuous hydrothermal flow synthesis (CHFS) method. 
Chapter 6 discusses the rheological properties of NiO/ScSZ screen-printing inks 
formulated using various binder contents and solvent types. The effect of these ingredients 
on the particle network structure in the resultant inks and applicability of the inks for 
screen-printing was evaluated. 
Chapter 7 focuses on the impact of ink rheology on the properties of Ni/ScSZ anode films. 
The aim of this chapter is to discuss and correlate the rheological properties of NiO/ScSZ 
inks having various binder contents with the properties of resultant films such as 
microstructure, mechanical strength, electrical performance and electrochemical 
performance. In addition, the effect of solvent type on these properties was also 
investigated. 
Chapter 8 explains the effect of solid content on the rheological properties of NiO/ScSZ 
screen-printing inks. In addition, the properties of resultant films such as microstructure, 
mechanical strength, electrical performance and electrochemical performance were 
studied as a function of solid content and correlated to the ink rheological properties.  
Chapter 9 Conclusions and Future Work 
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CHAPTER 2.       
Literature Review 
2.1  A Brief History of Fuel Cells 
The possibility of generating electricity by reversing the electrolysis of water was 
discovered by Sir William Grove in 1839 [1]. The fuel cell discovered by Grove was called 
a gas battery and generated voltages of about 1 V. Significant work on fuel cells began 
again in the 1930s led by Francis Bacon, a chemical engineer at the University of 
Cambridge, United Kingdom. In the 1950s Bacon successfully produced the first practical 
fuel cell, which was an alkaline version [1]. NASA began developing a compact fuel cell 
electrical generator for use on space missions in the late 1950s and fuel cells have been 
successfully used to provide electricity and water on spacecraft since the 1960s [2]. In the 
early 1960s, General Electric (GE) also made a significant breakthrough in fuel cell 
technology. Through the work of Thomas Grubb and Leonard Niedrach, the company 
invented and developed the first polymer electrolyte membrane (PEM) fuel cell [1]. NASA 
tested the potential of General Motor’s PEM fuel cell in the Gemini space programme for 
the Apollo missions to the moon.  Since the Apollo missions, many research groups have 
been starting to focus on fuel cells for other applications. For instance, by the 1970s, a fuel 
cell car was built by Kordesch to run on alkaline fuel cells combined with a lead-acid 
battery [3]. 
As we have moved into the 21st century, fuel cells have been of increasing interest, 
with many people now viewing them as a real alternative to heat engines for high 
efficiency power generation. 
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2.2  Introduction to Fuel Cells 
A fuel cell is an energy conversion device which produces electricity (and heat) directly 
from a gaseous fuel (e.g. H2 or natural gas) by electrochemical combination of the fuel with 
an oxidant [4]. Unlike conventional heat engines, they do not burn the fuel and run pistons 
or shafts, and so have fewer efficiency losses, low emissions and virtually no moving 
parts. A variety of fuels such as natural gas and methanol can be used, though in low 
temperature fuel cells these fuels must first be transformed into hydrogen by means of a 
reformer.  
Fuel cells are usually classified by the electrolyte employed in the cell. A second 
grouping is by the operating temperature for each of the fuel cells. There are, thus, low 
and high temperature fuel cells. Low temperature fuel cells (< 200 oC) are the Alkaline Fuel 
Cell (AFC), the Proton Exchange Membrane Fuel Cell (PEMFC), the Direct Methanol Fuel 
Cell (DMFC), and the Phosphoric Acid Fuel Cell (PAFC).  
Table 2.1 – Anodic and cathodic reactions of fuel cells [5] 
Fuel Cell Anodic reaction Cathodic reaction 
PEMFC H2 → 2H
+
 + 2e
-
 
 
 
O2 + 2H
+
 + 2e
-
 → H2O 
DMFC CH3OH + H2O → CO2 + 6H
+
 + 6e
-
 6H
+
 + 
 
 
O2 + 6e
-
 → 3H2O 
AFC H2 + 2OH
-
 → 2H2O + 2e
-
 
 
 
O2 + H2O + 2e
-
 → 2OH
-
 
PAFC H2 → 2H
+
 + 2e
-
 
 
 
O2 + 2H
+
 + 2e
-
 → H2O 
MCFC  
H2 + CO3
2-
 → H2O + CO2 + 2e
-
  
 
O2 + CO2 + 2e
-
 → CO3
2-
 
CO + CO3
2-
 → 2CO2 + 2e
-
 
SOFC 
H2 + O
2-
 → H2O + 2e
-
  
 
O2 + 2e
-
 → O
2-
 
CO + O
2-
 → CO2 + 2e
-
 
 
The high temperature fuel cells, which operate between 500-1000 oC, are classified into 
two different types, the Molten Carbonate Fuel Cell (MCFC) and the Solid Oxide Fuel Cell 
(SOFC). The anodic and cathodic reactions of the fuel cells are presented in Table 2.1 
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while their key characteristics can be seen in Table 2.2. In the following section the solid 
oxide fuel cell and its components will be discussed in more detail. 
Table 2.2 – Types of fuel cells and their characteristics [5, 6] 
Item 
  
Types of Fuel Cells 
Polymer 
Electrolyte 
Membrane 
(PEMFC) 
Direct Methanol 
Fuel Cell 
(DMFC) 
 
Alkaline Fuel 
Cell (AFC) 
Phosphoric Acid 
Fuel Cell 
(PAFC) 
Molten 
Carbonate Fuel 
Cell (MCFC) 
Solid Oxide 
Fuel Cell 
(SOFC) 
Electrolyte 
Ion exchange 
membrane 
Ion exchange 
membrane 
Alkaline Phosphoric acid 
Alkali carbonate 
mixture 
Stabilized 
zirconia 
(ZrO2) 
Operating 
Temperature (
o
C) 
50-110 50-100 50-250 160-220 630-650 500-1000 
Charge Carrier H
+
 H
+
 OH
-
  H
+
 CO3
2-
 O
2-
 
Electrolyte State  Solid Solid Liquid 
Immobilized 
liquid 
Immobilized 
liquid 
Solid 
Corrosiveness None None High High High None 
Fuel H2 CH3OH H2 H2 H2, CH4 H2, CH4 
Catalyst 
Cathode: Pt, 
Pt/Ru 
Cathode: Pt, 
Pt/Ru Pt/Au, Pt, Ag 
for cathode and 
anode 
Cathode: 
Pt/Cr/Co, Pt/Ni 
Cathode: Li/Ni 
Cathode: 
LaSrMnO3 
Anode: Pt Anode: Pt Anode: Pt Anode: Ni, Ni/Cr 
Anode: 
Ni/ZrO2 
Cogeneration Heat None None None Low quality High High 
Size (MW) < 0.1 < 0.001 < 0.1  0.4 0.003-3 0.001-2 
Application 
Transport, 
small 
appliances 
Buses, cars, 
small 
appliances 
Small power in 
aerospace 
Power 
generation, 
CHP 
Power 
generation, 
CHP 
Power 
generation, 
CHP 
Efficiency (%) <40 40-50 >60 40-45 50-60 50-60 
 
2.3  Principles of Fuel Cell Electrochemistry    
The reduction and oxidation reactions of fuel cells are shown in Table 2.1 and the overall 
electrochemical reaction in the fuel cells using a basic fuel of hydrogen is represented by 
the following equation; 
   
 
 
                                                                                                                      (2.1) 
The theoretical potential, E, of a fuel cell operated under the hydrogen fuel can be related 
to the Gibbs free energy change, ∆G, of the reaction in the cell as shown in the following 
equation; 
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                                                                                                                        (2.2) 
Where z represents the number of electrons per molecule of H2 (z = 2) and F is known as 
Faraday’s constant (F = 96,485 Coulombs/electron-mol). The ideal standard fuel cell 
potential, E
o
, operated at standard temperature and pressure (25 oC and 1 atm) is 1.229 V. 
The theoretical potential, Er, for a fuel cell with operating temperature and pressure 
different from the standard condition is given by the Nernst equation as follows; 
     
  
  
  
  
      
              
                                                                                      (2.3) 
This potential is called the equilibrium potential or open circuit potential (OCP) where R, T 
and P represent the gas constant in J/mol-K, temperature in K and partial pressure of 
reactants and products in atm, respectively.  
However, when the current is applied in the fuel cell, the actual cell potential, Ec, is 
always less than OCP due to various losses in the cell as shown by the following equation; 
                                                                                                           (2.4) 
Where , act, m are called as the ohmic, activation and mass transport overpotentials, 
respectively. All the losses can be clearly demonstrated via a current density-voltage (i-V) 
curve of a fuel cell as presented in Fig. 2.1. In general, the polarization of a cell is 
influenced by material choice, cell design, electrolyte and electrode materials, and the cell 
operating temperature and pressure. For instance, increasing temperature may enhance 
mass transfer and reaction rate, thus lowering cell polarization and increasing cell 
potential. 
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Fig. 2.1 – A typical current density-voltage behavior and losses of a fuel cell 
2.3.1  Activation Overpotential 
The activation overpotential reflects the kinetics of the electrochemical reactions taking 
place at the electrode/electrolyte interface. In an electrochemical reaction, the reacting 
species need to overcome the activation energy, Ea, before the reaction takes place and 
this barrier results in activation or charge transfer overpotential,  act. Activation 
overpotential is related to current density, i, by the Butler-Volmer equation as follows; 
     *   (
       
  
)     (
          
  
)+                                                                 (2.5) 
Where α and io are called the transfer coefficient and exchange current density, 
respectively. The transfer coefficient is considered as the fraction of the change in the 
polarization which leads to a change in the reaction rate constant, while the exchange 
current density is the equal forward and reverse electrode reaction rate at the equilibrium 
potential (OCP). The higher the exchange current density, the higher the electrochemical 
reaction rate at a given overpotential and thus a fuel cell with improved performance is 
expected. The polarization can be minimized by optimizing the triple phase boundary 
Current density, i (A/cm2) 
V
o
lt
a
g
e
, 
V
 (
V
) 
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(TPB) length of the fuel cell electrodes. The impact of material properties on the TPB and 
electrode polarization resistance are clearly discussed in section 2.7.1. 
2.3.2  Ohmic Loss 
The voltage drop caused by the resistance of the electrolyte, electrodes and current 
collectors, and by various interconnections and contact resistance, all contribute to the 
ohmic loss. This voltage drop is proportional to current density and represented by the 
following equation; 
                                                                                                                                                                      (2.6) 
where R represents the total cell ohmic resistance, including both ionic and electronic 
resistances. 
2.3.3 Mass Transport Overpotential 
This overpotential results from the change in the concentration of reactants at the surface 
of the electrodes as the fuel or air is used. When the electrode process is governed 
completely by diffusion (because of low concentration of reactant in the feed gas or 
because of reactant conversion approaching 100%), the limiting current, iL, is reached 
(characterized by a sharp drop in cell voltage). This current can be calculated by applying 
Fick’s law which comprises the diffusion coefficient of the reacting ions, D, the activity of 
the reacting ions,     , and the thickness of the diffusion layer, L, as shown in the 
following equation [7]; 
    
       
  
                                                                                                                  (2.7) 
Hence, the concentration overpotential can be expressed as; 
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  (  
 
  
)                                                                                                      (2.8) 
2.4  Solid Oxide Fuel Cell 
A solid oxide fuel cell (SOFC) is an electrochemical device constructed with porous 
electrodes of anode and cathode that sandwich a dense electrolyte as presented in Fig. 
2.2.  
 
Fig. 2.2 – Schematic of SOFC operating under hydrogen fuel [8] 
The operating conditions and characteristics of this type of fuel cell are presented in Table 
2.2. The anode and cathode are fed with a fuel gas (e.g. H2 or natural gas) and an oxidant 
(usually air), respectively. When an oxygen molecule contacts the cathode/electrolyte 
interface, it is reduced to oxide ions by acquiring electrons from the cathode. The oxide 
ions are then incorporated into the electrolyte material and migrate to the anode side. At 
the anode/electrolyte interface, the oxygen ions catalytically oxidize the fuel gas, for 
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example hydrogen, to produce water, heat, and electrons. Finally, the electrons flow 
through the external circuit to produce electricity as illustrated in Fig. 2.2. 
2.5  Components of Solid Oxide Fuel Cells 
 
The principal components of a solid oxide fuel consisting of the anode, the electrolyte, the 
cathode and the interconnect serve several function in the fuel cell, and must meet certain 
requirements. Each component must have proper stability (chemical, phase, 
morphological, and dimensional) in oxidizing and/or reducing environments, chemical 
compatibility with other components, and acceptable conductivity.  
Table 2.3 – Requirements for Solid oxide Fuel Cell Components [7] 
Component 
Requirements 
Conductivity Stability Compatibility Porosity 
Thermal 
Expansion 
Electrolyte High ionic 
conductivity. 
Negligible 
electronic 
conductivity 
Chemical, phase, 
morphological, and 
dimensional stability 
in fuel and oxidant 
environments 
No damaging 
chemical interactions 
or inter-diffusion  with 
adjoining cell 
components 
Fully dense Thermal expansion 
match with 
adjoining 
components 
Cathode High electronic 
conductivity 
Chemical, phase, 
morphological, and 
dimensional stability 
in oxidant 
environment 
No damaging 
chemical interactions 
or inter-diffusion  with 
adjoining cell 
components 
Porous  Thermal expansion 
match with 
adjoining 
components 
Anode High electronic 
conductivity 
Chemical, phase, 
morphological, and 
dimensional stability 
in fuel environment 
No damaging 
chemical interactions 
or inter-diffusion  with 
adjoining cell 
components 
Porous  Thermal expansion 
match with 
adjoining 
components 
Interconnect High electronic 
conductivity. 
Negligible ionic 
conductivity 
Chemical, phase, 
morphological, and 
dimensional stability 
in fuel and oxidant 
environments 
No damaging 
chemical interactions 
or inter-diffusion  with 
adjoining cell 
components 
Fully dense Thermal expansion 
match with 
adjoining 
components 
 
Furthermore, each component must have similar coefficients of thermal expansion to avoid 
separation or cracking during fabrication and operation. The electrolyte and interconnect 
must be dense to prevent gas mixing, while the anode and cathode must be porous to 
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allow gas transport to the reaction sites. The requirements for various cell components are 
summarized in Table 2.3. 
2.6  Electrolyte 
The main function of the SOFC electrolyte is to conduct ions between the anode and 
cathode. The electrolyte carries the ions from one electrode (cathode) to the other 
electrode (anode) to balance the charge from the electron flow and complete the electrical 
circuit in the fuel cell, as shown in Fig. 2.2. The electrolyte must be stable in both oxidizing 
and reducing environments, must have sufficiently high ionic and low electronic 
conductivity at the cell operation temperature, and must be highly dense to prevent gas 
cross leakage. In addition, the electrolyte must be chemically compatible and its thermal 
expansion must match with that of other cell components to avoid cracking and 
delamination during fabrication and operation of the cell.  
 
Fig. 2.3 – Temperature dependence of ionic conductivity for oxide ion   conductors [9] 
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At present, yttria stabilized zirconia (YSZ), possessing the fluorite structure, has been the 
most commonly used electrolyte for SOFCs. However, the application of this type of 
electrolyte requires high operating temperature (e.g. 700-1000 oC) because of its relatively 
low ionic conductivity at reduced operating temperature (< 700 oC). The temperature 
dependence of conductivity in typical solid oxide ion conductors is summarized in Fig. 2.3. 
The figure clearly shows that the conductivity of YSZ is low compared to ScSZ, CGO and 
LSGM electrolytes, especially at reduced temperatures (< 800 oC). 
Recent R & D has tended to focus on reduced temperature SOFCs. A shift in the 
operating temperature of SOFCs from 1000 oC down to around 600-800 oC helps increase 
cell stability (low degradation of component performance) and enables use of cheaper 
materials such as stainless steel for interconnects [10]. However, better electrolyte 
materials are required in order to maintain sufficiently high ionic conductivity under 
reduced temperature operation. In this regard, several fluorite-structured oxide ion 
conductors such as scandia stabilized zirconia (ScSZ) [10-14], doped ceria (gadolinium 
doped ceria, CGO and samarium doped ceria, SDC) [15-20] and certain perovskites-type 
oxides (lanthanum gallate doped with Sr and Mg, LSGM) [21-24] have been proposed as 
candidate electrolytes for IT-SOFCs (e.g. 600-800 oC) due to their higher oxide ion 
conductivity compared to YSZ at reduced temperature. Of these electrolytes, ScSZ has 
been given less attention as an alternative electrolyte for intermediate temperature SOFCs 
(IT-SOFCs). Therefore, this type of electrolyte was chosen as an alternative electrolyte to 
fabricate a Ni/ScSZ anode electrode for IT-SOFCs in this research. Furthermore, the 
increased ionic conductivity of ScSZ may offer additional advantages such as improved 
electrochemical activity in the Ni/ScSZ cermet, especially at lower temperatures. The 
following section discusses the advantages of ScSZ over YSZ electrolytes in more detail. 
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2.6.1  Fluorite-Structured Electrolyte 
The fluorite structure is a face-centered cubic (FCC) arrangement of cations which occupy 
all the tetrahedral sites, leading to a large number of octahedral interstitial voids [4]. 
Oxides with this structure have high ionic conductivity when the host cations (e.g. Zr4+) are 
replaced by lower valent cations (e.g. Ca2+, Y3+ and Sc3+) as illustrated in Fig. 2.4 for YSZ. 
The missing charge is balanced by the formation of oxygen vacancies in the oxide ion 
sublattice, resulting in impressive ionic conductivity [25]. 
 
Fig. 2.4 – YSZ cubic fluorite type structure [26] 
Doping of scandia (Sc2O3) into the fluorite phase of zirconia (ZrO2) results in 
substitution of Sc3+ onto the Zr4+ cation sublattice with concomitant formation of oxide ion 
vacancies as charge compensating defects to maintain electrical neutrality. These oxide 
ion vacancies are mobile at elevated temperature and give rise to oxide ion conductivity. 
The defect formation reaction in Sc2O3 doped ZrO2 is comparable with that in Y2O3 doped 
ZrO2 [27]. This formation can be written in Kroger and Vink notation as; 
           
    
      
                                                                                                 (2.9) 
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A defect that carries an effective single positive electronic charge bears a superscript dot 
   , and a defect that carries an effective negative charge bears a superscript prime    . 
Neutral defects have no superscript. Due to Columbic and elastic attractive forces between 
    
  and   
  , we can postulate the existence of two associates: 
    
    
        
   
                                                                                                              (2.10) 
and 
     
    
         
   
                                                                                                     (2.11) 
At lower temperatures, association is almost complete. At higher temperature the complex 
dissociates into   
   and     
 . The ionic conductivity, i, can be explained by the following 
equation; 
i = q   
                                                                                                                        (2.12) 
where,    
    is the concentration of oxide ion vacancies,  is mobility of the charged ions, 
and q is the effective charge. 
2.6.2  SOFCs with Zirconia Based Electrolyte 
The choice of the electrolyte determines the operating temperature of SOFCs. Yttria 
stabilized zirconia (YSZ) is the most widely used electrolyte in SOFCs, and functions well 
at high temperatures (800-1000 oC). The temperature dependence of the ionic 
conductivity, i, for zirconia based oxides is shown in Fig. 2.5 which shows zirconia (ZrO2) 
doped with 9 mol% of yttria (Y2O3), ytterbia (Yb2O3) and scandia (Sc2O3), respectively. As 
can be seen from the figure, Scandia stabilized zirconia (ScSZ) has a higher conductivity 
than yttria stabilized zirconia (YSZ) and ytterbia stabilized zirconia (YbSZ). For example, 
the conductivity of 9ScSZ at 780 oC is 0.14 S/cm corresponding to that of 9YSZ at 1000 
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oC. This result suggests ScSZ as the best zirconia based electrolyte candidate for the 
operation of SOFCs at intermediate temperatures (e.g. 600-800 oC) 
 
Fig. 2.5 – Temperature dependence of the ionic conductivity of the 9ScSZ, 9YSZ and 
9YbSZ electrolytes [27] 
It is important to note that the conductivity of ZrO2-M2O3 systems depends on the 
concentration and ionic radius of the dopant present in the system. Fig. 2.6 shows the 
dependence of conductivity at 1000 oC on the dopant concentration for ZrO2-M2O3 (M = 
Sc, Yb, Y, Dy, Gd or Eu) systems. It is clear from Fig. 2.6 that ScSZ has the highest ionic 
conductivity of this group because the ionic radius of the Sc3+ dopant relative to the Zr4+ 
hosts is close to unity (R=1.03) [10, 28, 29]. In general, it is expected that, as the dopant 
concentration increases, the conductivity of an electrolyte should increase. However, Fig. 
2.6 clearly shows that the maximum conductivity appears at a much lower dopant 
concentration than expected. One view of this conductivity decrease with high content of 
dopant was due to the clustering of dopant cations and their associated oxygen vacancies 
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[28]. In electrolytes with a low doping concentration, the majority of clusters involve only 
one isolated dopant cation, bound to one single oxygen vacancy. With an increase of 
doping concentration, the density of clusters consisting of two or more dopant cations 
increases, resulting in stronger traps for the associated oxygen vacancies. As a 
consequence, the diffusion of oxygen vacancies becomes difficult, leading to a decreased 
conductivity. 
 
Fig. 2.6 – Composition dependence of the ionic conductivity at 1000°C for ZrO2-M2O3 [28] 
Arachi et. al [28] measured the temperature dependencies of the ionic conductivity of 
ZrO2-Y2O3 and Sc2O3-ZrO2 systems and the results are shown in Figs. 2.7 (a) and (b), 
respectively. The figure shows a sudden decrease in conductivity of the 10-15 mol% 
Sc2O3-ZrO2 system at lower temperatures (e.g. < 700 
oC). This degradation is closely 
related to the phase transformation from a cubic to rhombohedral phase as presented by 
the phase diagram of Sc2O3-ZrO2 system in Fig. 2.8. From the figure, it is clear that 10-15 
mol% Sc2O3-ZrO2 system shows a rhombohedral phase at temperature below 700 
oC. In 
the case of the ZrO2-Y2O3 system, there is no degradation in conductivity at any dopant 
x (mol%) 

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concentration as a result of the presence of a stable cubic phase at room temperature in 
the system. However, it is necessary to prevent the phase transformation in the Sc2O3-
ZrO2 system in order to realize this material as a potential electrolyte for IT-SOFCs 
operating below 800 oC. Usually the cubic phase can be stabilized over a wide 
temperature range by substitution of 1 mol% Sc2O3 by another stabilizer such as Yb2O3 
[30], Y2O3 [31], Bi2O3 [32], and Al2O3 [33]. It was reported recently that replacement of 
1mol% of Sc2O3 by CeO2 led to only a 50 
oC increase in sintering temperature [32], and 
that scandia-ceria-doped-zirconia ceramics have a high ionic conductivity (e.g. ~0.15 S/cm 
at 800 oC) [34, 35]. Fig. 2.9 shows that the addition of 1 mol% Y2O3 or 1 mol% CeO2 in 10 
mol% Sc2O3-ZrO2 system successfully eliminates the cubic to -phase rhombohedral 
transformation, and the cubic phase is stabilized at room temperature as expected. These 
results suggest that the stabilized ScSZ electrolyte has a great potential to be used with a 
Ni/ScSZ cermet anode for IT-SOFCs. Initially, the cost of scandia has been viewed as a 
serious concern but this has now changed with the increase in availability of scandia from 
Russia and China [36].  
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Fig. 2.7 – The ionic conductivity of (a) (ZrO2)1-x(Y2O3)x and (b) (ZrO2)1-x(Sc2O3)x systems as 
a function of temperature [28] 
 
Fig. 2.8 – Phase diagram of Sc2O3-ZrO2 system [32] 
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Fig. 2.9 – The temperature dependence of the bulk conductivity of ScSZ sintered at 1650 
oC for 4 h [37] 
2.6.3  Aging Effect of Zirconia Electrolytes 
From Fig. 2.6, it is clear that the ZrO2-Sc2O3 system exhibits the highest ionic conductivity 
compared to other zirconia systems. However, it is important to analyze the aging effect of 
the dopant element on zirconia. Sumi et al. [38] evaluated the aging effect by measuring 
the change of conductivity of 10Sc1CeSZ (10 mol% Sc2O3 – 1mol% CeO2 – 89mol% 
Y2O3), 10Sc1YSZ (10 mol% Sc2O3 – 1mol% Y2O3 – 89 mol% Y2O3), 11ScSZ1A (11 mol% 
Sc2O3 – 1mol% Al2O3 – 89 mol% Y2O3) and 8YSZ (8 mol% Y2O3 – 89 mol% Y2O3) – 1wt% 
Al2O3 systems after over 2500 h at 1273 K. The results are shown in Fig. 2.10 and indicate 
that the addition of ceria, alumina or yttria improves the ionic conductivity performance of 
ScSZ, and no degradation is observed with annealing time. However, the conductivity of 
8YSZ decreased with time, attributed to phase transformation from cubic to tetragonal with 
aging [39]. As can be seen from the figure, 10Sc1CeSZ shows the highest conductivity in 
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the ScSZ system and therefore was used in the fabrication of Ni/ScSZ cermet anode for 
IT-SOFCs. 
 
Fig. 2.10 – Electrical conductivity changes with annealing time of 10Sc1CeSZ, 10Sc1YSZ, 
11ScSZ1A and 8YSZ at 1273 K [38]  
2.6.4  Mechanical Properties of Zirconia Electrolytes 
For an electrolyte, high electrolyte strength and toughness are desirable in addition to high 
ionic conductivity, especially in planar type configurations. The electrical and mechanical 
properties of zirconia-based electrolytes are shown in Table 2.4. The mechanical 
properties of an electrolyte depend on the characteristics of the starting powder used in 
fabrication, the powder preparation method and the fabrication conditions. The samples 
shown in Table 2.4 were prepared by the sol-gel method and pressed into pellets before 
firing at 1700 oC for 15 h. However, the mechanical and conductivity properties of 
10Sc1CeSZ were extracted from various sources [34, 35, 39, 40]. From the table, it is 
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clear that 8ScSZ shows a tetragonal phase, while 11ScSZ shows a rhombohedral phase 
at room temperature and successfully stabilizes the cubic phase in 11ScSZ by addition of 
1wt% alumina or 1mol% ceria without any rapid drop in conductivity. Moreover, addition of 
alumina or ceria to ScSZ significantly increases its mechanical properties such as bending 
strength and hardness compared to YSZ. These properties are important to improve the 
durability of SOFCs at high temperature.  
Table 2.4 – Summary of electrical and mechanical properties of zirconia   electrolytes [41] 
Materials 
Ionic Conductivity (S/cm) Bending 
Strength 
 
 
(MPa) 
Fracture 
Toughness 
 
 
(MPa m
0.5
) 
Vickers 
Hardness, 
Hv 
 
(kg/mm
-2
) 
Thermal 
Expansion 
Coefficient 
 
( X 10 
-6
/K) 
Observed 
Phase 
At 
1000 
o
C 
At  800 
o
C 
After 
aging at 
1000 
o
C 
for 
1000h 
8YSZ 0.16 0.03 0.09 279 1.3 1204 10.5 Cubic 
8ScSZ 0.38 0.13 0.012 275 2.4 1165 10.7 Tetragonal 
8ScSZ20A 0.14 - - 414 2.5 - 9.8 Cubic 
10Sc1CeSZ 0.33 0.15 0.33 330 2.5 1397 10.6 Cubic 
11ScSZ 0.30 0.12 0.30 250 1.8 1070 10.0 Rhombohedral 
11ScSZ1A 0.26 - - 340 - - - Cubic 
11ScSZ10A 0.28 - - 340 - - - Cubic 
11ScSZ20A 0.15 - - 365 2.4 1460 10.1 Cubic 
 
2.7  Anode 
The main function of the SOFC anode is to provide reaction sites for the electrochemical 
oxidation of fuels such as hydrogen, methane and carbon monoxide. Hydrogen oxidation 
is an important anode reaction in SOFCs. The electrochemical oxidation of H2 can be 
written by following Krönger-Vink notation, as: 
        
         
    ̈                                                                                   (2.13)                
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where OScSZ 
2- is an oxide ion in the Sc2O3-ZrO2 (ScSZ) electrolyte lattice site and Vö,ScSZ is 
an oxygen vacancy in ScSZ. Since SOFCs operate at high temperature (600-1000 oC), the 
anode must meet the following characteristics: 
 Stability 
The anode must chemically, morphologically, and dimensionally stable in the fuel 
environment and must have no disruptive phase transformation between room 
temperature and fabrication temperature. Furthermore, the anode must be stable under 
long term operation as any significant structural changes may cause degradation in cell 
performance and mechanical integrity [4, 7]. 
 Conductivity 
The anode must possess high electronic conductivity for electrochemical reaction to take 
place in the reducing environment at the SOFC operating temperature (e.g. 800-1000 oC) 
in order to minimize ohmic losses [7, 42].  
 Compatibility 
The anode must be chemically compatible with other cell components especially at higher 
operating temperature. Chemical interaction or elemental interdiffusion between the anode 
and adjoining components must be limited in order to minimize second phase formation, 
stability reduction, change in thermal expansion and/or the introduction of electronic 
conductivity into the electrolyte [4, 7, 43]. 
 Thermal Expansion 
The thermal expansion of the anode must match with other cell components to avoid 
cracking and delamination during fabrication and operation of the cell [7]. 
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 Porosity 
The anode must have sufficient porosity, generally in the range of 30 to 40 vol%, to allow 
gas transport to the reaction sites [7, 42, 44]. 
 Catalytic Activity 
The anode must have sufficient electrocatalytic activity for the electrochemical oxidation of 
the fuel. In addition, the anode must be tolerant to certain levels of contamination such as 
sulphur and carbon which can be present in fuel gas [7, 42]. 
2.7.1  Triple Phase Boundary (TPB) of Cermet Anodes 
Electrochemical reactions can only occur at the three phase boundary (TPB) which is 
defined as the collection of sites where the electron-conducting phase (metal), oxide ion 
conductor (electrolyte) and gas phase (pore) all meet together as shown in Fig. 2.11.  
 
Fig. 2.11 – Schematic diagram of the Ni/YSZ anode three phase boundary [45] 
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If there is a breakdown in percolation in any of the phases, the electrochemical reaction 
will not occur. The TPB structure of the anode changes with the morphology of the 
composite, influenced in turn by the starting powder and the fabrication conditions such as 
sinter temperature [46]. Therefore, better control of the fabrication conditions can lead to 
improved anode performance through optimization of the TPB distribution. In addition, 
Simwonis et al. [47] showed that poor adhesion of Ni in the SOFC anode leads to 
agglomeration of Ni and a reduction of TPB density, while Fukui et al. [48] and Mogensen 
et al. [49] explained that a microstructure with a large TPB density leads to the reduction of 
polarization losses and hence improved performance. Moreover, Abe et al. [50] discussed 
that for a Ni/YSZ cermet anode, a large TPB length will be obtained from a homogeneous 
and contiguous microstructure of pores, metal (Ni) and electrolyte (YSZ) fine grains.  
2.7.2  Development of SOFC Cermet Anodes 
Porous materials consisting of a ceramic and a metal mixture (cermet), such as zirconia 
and nickel, are commonly used as the anode material for solid oxide fuel cells (SOFCs) 
[7]. Among the roles of the oxide component (e.g. ScSZ) are control of the thermal 
expansion mismatch between the zirconia based electrolyte and the nickel based anode in 
order to avoid delamination of the anode layer from the electrolyte, and imparting 
mechanical stability to the anode by forming a stable zirconia network inside the anode. In 
addition, the oxide component may increase the anode performance by providing a larger 
number of three phase boundaries (TPBs) [51]. In developing a cermet anode, it is 
necessary to fabricate and optimize the cermet based on the following criteria: 
a) Starting Powder 
Properties such as the average particle size, particle size distribution, particle surface area 
and sintering behavior (e.g. shrinkage and shrinkage rate) of anode powders such as NiO 
and YSZ powders differ from different suppliers. This has significant impact on the 
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sintering behavior of the powder. In the conventional powder mixing process, electrode 
performance was found to be affected by the initial particle size. For example, Jiang et al. 
[52] reported that the best performance was observed for Ni/YSZ cermet anodes prepared 
from starting 8YSZ and NiO powders with particle sizes of 0.5 and 2.5 m (dYSZ/dNiO = 0.2), 
respectively. 
b) Powder Calcining 
Coarsening of the starting powder by calcining is one of the most important steps in the 
preparation of a cermet anode and is frequently used to control the powder characteristics 
(e.g. particle size and size distribution) and shrinkage profile of the cermet coating. Jiang 
et al. [53] reported that as-received AJAX NiO powder shows very fine particles and broad 
particle size distribution with average size of 1 m; for a NiO/3YSZ cermet anode, the 
polarization losses reached a minimum for the anode prepared from NiO coarsened at 600 
oC. In contrast, Jia et al. [54] reported that YSZ powder pre-calcined at 900 oC was 
adequate to obtain the appropriate open porosity (30 to 40 %) in the Ni/YSZ cermet.  
c) Sintering Temperature of Anode Coatings 
Sintering of anode cermet coatings at high temperatures (e.g. 1300-1400 oC) is essential 
to achieve high electrode performance and low electrode ohmic resistance. The 
observation that high sinter temperatures have little effect on the conductivity of a pure Ni 
anode [55] indicates that sintering of YSZ phase in the cermet has a significant effect, not 
only on the formation of the Ni-Ni electronic network in the cermet, but also on the 
formation of contact between the Ni phase in the cermet and the YSZ electrolyte. Jiang et 
al. [55] showed that the formation of Ni-Ni electronic networks and YSZ-YSZ ionic contact 
networks are closely related to the sintering temperature of the anode. In this case, the 
lowest electrode ohmic and polarization resistance was observed for Ni/3YSZ and 
Ni/8YSZ cermet anodes at 1400oC, corresponding to the formation of a good YSZ-YSZ 
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network. In addition, a high sinter temperature is essential to create a good bond between 
the YSZ phase in the cermet and the YSZ electrolyte, leading to the formation of a rigid 
YSZ structure  to support the Ni phase and the formation of Ni-Ni electronic networks [55]. 
d) Synthesis of Cermet Powders 
In addition to the conventional ceramic mixing process based on commercial NiO and 
electrolyte powders (e.g. YSZ, CGO, ScSZ and SDC), anode cermet powders can also be 
prepared by other methods such as co-precipitation [56, 57], combustion [58, 59], sol-gel 
[60, 61], spray pyrolysis [62, 63] and Pechini methods [64, 65]. The purpose of the 
synthesis of the cermet anode powders is primarily to improve the homogeneity of metal 
and electrolyte phase distribution, to reduce the sinter temperature of the cermet coating 
and increase the electrode performance and stability.  
e) Anode Reduction Condition 
The reduction conditions such as temperature and atmosphere have significant impacts on 
the electrical conductivity and microstructure of cermet anodes. These conditions 
determine whether an anode (e.g. Ni/YSZ) having a Ni content in the range of 35 to 70 
vol% is conducting or insulating, even though the anode is expected to be conducting 
based on percolation theory [66]. Grahl-Madsen et al. [67] have studied the effect of 
reduction temperature on the Ni/YSZ electronic conductivity. This study revealed that the 
electronic conductivity for cermets reduced at 1000 oC (9%H2-91%N2) was 2-4 times 
higher than those reduced at 800 oC. Also the study showed a close contact between Ni 
and YSZ in the cermet reduced at 1000 oC compared to that reduced at 800 oC.  
Furthermore, it was found that the reduction temperature and reduction atmosphere 
have significantly affected  the  conductivity and microstructure of SOFC anodes [66]. For 
example, electrochemical measurements performed on anode-supported cells showed  
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Fig. 2.12 – Impedance spectra measured at 800 oC for anode-supported cells for which a 
fuel mixture of 97%H2-3%H2O was introduced (a) after heating up the cell to 800 
oC and 
(b) from room temperature during the heating process to 800 oC [66] 
  
Fig. 2.13 – SEM images of Ni/YSZ cermets prepared by sintering at 1475 oC for 5 h and 
reduced by (a) H2 introduction after the sample was heated up to 800 
oC and (b) H2 
introduction from room temperature during the heating process [66] 
      (a) 
      (b) 
      (a)       (b) 
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that the cell bulk resistance increased by ~ 100 times when the anode was reduced under 
a 97%H2-3%H2O atmosphere from room temperature during heating rather than at 800 
oC, 
as presented in Fig. 2.12. Introducing hydrogen from room temperature during the cell 
heating process resulted in a complete reduction of the anode at a lower temperature 
(300-400 oC) and the resultant anode was insulating [66]. This result was further supported 
by significant differences in microstructure: with the formation of a continuous Ni phase 
network in the cermet reduced at 800 oC compared to isolated spherical Ni grains in the 
cermet reduced during the heating process, as demonstrated in Figs. 2.13 (a) and (b), 
respectively. 
In addition, Wang et al. [68] reported that the mechanical strength of Ni/YSZ cermets 
kept under reducing conditions from room temperature onwards during the heating 
process under a gas mixture of 5%H2-95%N2 was 30% lower than that for cermets which 
were reduced by introducing the gas mixture at the designated reduction temperature of 
800 oC. It is important to note that the composition of the reducing gas mixture (e.g. H2, N2 
and H2O) plays a critical role on the anode reduction temperature due to the fact that the 
reduction process needs a sufficient amount of hydrogen and time for completion. For 
instance, the reduction of a Ni-YSZ anode under a gas mixture of 5%H2-95%N2 as in 
Wang et al.’s study, is not complete until a reduction temperature of 800 oC is achieved 
[66]. Additionally, if the heating rate is high (e.g. 7.5 oC/min), a significant portion of the 
anode would be reduced at the designated reduction temperature of 800 oC. In several 
cases [54, 68-74], the anodes were heated up in inert gas (e.g. N2 or Ar) or air to the 
designated reduction temperature (e.g. 700-900 oC) before switching to humidified or dry 
hydrogen  (in the case of heating up in air, an extra purge step using inert gas was 
required before switching to hydrogen). In these cases, anodes were maintained at the 
designated temperature for a longer time (e.g. 2 h) in order to reduce them completely. In 
general, there is no specific validated reduction conditions recommended for anodes to 
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date. However, it is clear that the reduction of cermets during a slow heating process (e.g. 
3 oC/min) under a high hydrogen concentration (e.g. 97%H2-3%H2O) results in cermets 
with a poor microstructure in addition to a lower mechanical strength which needs to be 
avoided. By taking into account those reduction conditions and their impact on the anode 
mechanical properties, the reduction conditions used in this research are summarized by 
the following three steps; 
i) The anodes were heated up from room temperature in inert gas (N2) to the designated 
reduction temperature of 800 oC at a heating rate of 7.5 oC/min, 
ii) At 800 oC, a gas mixture of H2 (10%) and N2 (90%), humidified at room temperature, 
was introduced and maintained for 2 h, 
iii) Finally, the anodes were cooled down to room temperature under the same gas 
composition at a cooling rate of 7.5 oC/min. 
f) Electronic Conductivity of Cermet Anodes 
The electronic conductivity of a cermet anode depends on the composition (e.g. Ni to 
ScSZ volume ratio), the microscopic features of the starting materials (e.g. particle size, 
shape and distribution of NiO and ScSZ powders), and the sintering and reducing 
conditions (e.g. temperature and atmosphere) as discussed in detail in the following 
sections. 
i) Anode composition 
The electronic conductivity of a cermet anode strongly depends on its Ni content. Normally 
the conductivity of a cermet as a function of Ni content shows an S-shaped curve, as 
predicted by percolation theory [66]. In Ni/ScSZ or Ni/YSZ cermets, ScSZ and YSZ are 
ionic conductors and Ni is an electronic conductor. Dees et al. [75] studied the relationship 
between the electronic conductivity and the volume fraction of Ni in a Ni/YSZ cermet 
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measured at 1000 oC, and showed that the rapid rise in the electronic conductivity 
corresponded to 30 vol% of Ni in the cermet. However, the position of the S-shape 
dependence of the conductivity on the Ni volume content and the conductivity is also 
related to morphology, particle size, and distribution of each phase: Ni, YSZ and pores, as 
discussed in the following.  
ii) Particle size and distribution  
The electronic conductivity of cermets strongly depends on the particle size and 
distribution of both the metal and electrolyte phase.  For example, Huebner et al. [76] 
showed that in a Ni/YSZ cermet with a Ni average particle size of 0.6 m, the electronic 
conductivity reached 300 S/cm at 1000 oC for 30 vol% Ni, and that when the particle size 
of Ni increased to 16 m, the threshold volume fraction of Ni to reach an electrical 
conductivity of 100 S/cm at 1000 oC increased to 50 vol%. This indicates that the volume 
threshold for the transition from the dominant ionic conductivity of the YSZ electrolyte 
phase to the dominant electronic conductivity of Ni is related to the dYSZ/dNiO size ratio. In 
addition, a broader particle size distribution of YSZ particles may enhance electronic 
conductivity due to better particle packing. However, this must also be balanced with 
mechanical shrinkage, which potentially causes cracking and degradation of the cell. 
iii) Porosity  
Porosity of the cermet anode is essential for the transport of fuel gases to, and reactant 
gases from, the anode/electrolyte interface. The porosity of a cermet anode depends on 
several parameters such as the volume fraction of Ni, sinter temperature and time, and the 
addition of pore formers such as carbon and corn starch. The difference in effective 
conductivity with respect to sinter temperature or time has been linked to the porosity of 
the cermet: higher sintering temperatures or longer sintering times led to lower porosity, 
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which resulted in higher effective conductivity as shown in Fig. 2.14, though mass 
transport could be adversely impacted. 
 
Fig. 2.14 – Porosity versus sintering temperatures for Ni/YSZ cermets sintered at 2, 4 and 
6 h, respectively [77] 
iv) Anode sintering conditions 
In addition to composition and particle size, the sintering conditions such as temperature 
and time are also important parameters in determining the effective conductivity of the 
cermet anode. In the case of a Ni/YSZ anode, it was found that the effective conductivity 
was higher with higher sintering temperature and longer sintering time in the range of 1200 
to 1350 oC, as shown in Fig. 2.15. This is most probably due to improved particle 
connectivity in the anode at the higher sintering temperature which resulted in increased 
electronic conductivity. In this case, the Ni/YSZ cermet powder was prepared by the liquid 
dispersion method. 
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Fig. 2.15 – Variation of electrical conductivity at 1000 oC with respect to Ni volume content 
for Ni/YSZ cermet anode sintered for 2 h at 1200-1350 oC [77] 
g) Thermal Expansion  
 
The coefficient of thermal expansion (CTE) of a cermet anode varies with composition, 
increasing with increased nickel content. Table 2.5 below shows the coefficient of thermal 
expansion (CTE) for Ni, YSZ and ScSZ. From the table, it is clear that the CTE of ScSZ 
and YSZ are very close to each other. However, the CTE of Ni is high compared to ScSZ 
and YSZ, as shown in Table 2.5. Hence, the Ni/YSZ and Ni/ScSZ cermets have a higher 
CTE than the electrolyte. A significant degree of mismatch between the CTE of the anode 
cermet and those of other cell components may result in large stresses, causing cracking 
or delamination during fabrication and operation. Various means have been developed to 
tolerate and minimize anode thermal expansion mismatch. For instance, varying the 
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thickness of the cell components can be used to increase tolerance of thermal expansion 
mismatch [78]. 
Table 2.5 – Coefficient of Thermal Expansion of Ni, 8YSZ, 8ScSZ and 11ScSZ 
Materials Coefficient of thermal expansion (CTE) 
between room temperature and 1000 
o
C 
Ref. 
Ni 13.3 X 10
-6
 K
-1
 [52] 
8YSZ 10.5 X 10
-6
 K
-1
 
[41] 8ScSZ 10.7 X 10
-6
 K
-1
 
11ScSZ 10.0 X 10
-6
 K
-1
 
10Sc1CeSZ 10.6 X 10
-6
 K
-1
 [35] 
   
2.7.3  Degradation of Anode Activity by Carbon Deposition and Sulphur Poisoning 
Solid oxide fuel cells (SOFCs), which generally operate at high temperatures (600-1000 
oC), have a great advantage of utilizing hydrocarbon (e.g. methane) and alcohol (e.g. 
ethanol) as fuels. Normally, these fuels are internally reformed by steam to hydrogen and 
carbon monoxide fuels directly on the anode electrode. For instance, the steam reforming 
of methane is shown by the following reaction,  
                                                                                                                (2.14) 
However, the utilization of the fuels in SOFCs can result in carbon deposition due to 
hydrocarbon cracking on the anode, which quickly deactivates the anode and degrades 
the cell performance at overall. This deposition can be demonstrated by the following 
possible reactions [79, 80], 
                                                                                                                         (2.15) 
                                                                                                                         (2.16) 
                                                                                                                    (2.17) 
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Carbon deposition can be reduced by using a high steam-to-carbon ratio (S/C > 2) as 
estimated from thermodynamic equilibrium compositions in the case of CH4-H2O at 1000 
oC [38]. At a low ratio of steam-to-carbon (S/C < 2), carbon deposition is predicted to be 
high and this may lower the volume of triple phase boundary resulting from the 
deactivation of Ni catalyst and inhibition of fuel diffusion in the anode.  
The degradation of Ni/zirconia cermets, especially Ni/YSZ and Ni/ScSZ, due to carbon 
deposition has been studied extensively [51, 80-87]. Although Ni is an active metal for 
hydrocarbon reforming, it simultaneously promotes coke formation. Thus, it is essential to 
achieve a good balance between the catalytic reforming activity and tolerance towards 
carbon deposition. Recently, Sumi et al. [38] have studied the internal steam reforming of 
methane (S/C=0.5 and 0.03) on Ni/YSZ and Ni/ScSZ cermets. The study showed that the 
performance of a Ni/ScSZ cermet was superior to that of Ni/YSZ even at a low S/C ratio at 
1000 oC, as presented in Fig. 2.16. The improved performance shown by the Ni/ScSZ 
cermet was mainly due to formation of crystalline graphite on the cermet which has only a 
lower impact on the cermet electrochemical activity compared to amorphous carbon on the 
Ni/YSZ cermet, as shown in Fig. 2.17. Moreover, a study of carbon deposition on Ni/ScSZ 
and Ni/YSZ cermets having 20 vol% Ni at 700 oC (S/C=0.6 for 5h) showed that the 
deposited carbon ratio (g-carbon/g-catalyst) was 11.7 and 33.4 [82], respectively, which 
strongly indicated the improved inhibitory effect of ScSZ compared to YSZ in the cermets 
on carbon deposition. In addition, the Ni/ScSZ cermet also shows promise for application 
on higher hydrocarbon fuels (e.g. C12H26) particularly at high fuel utilization (Uf) and a high 
S/C ratio [86]. These selected conditions were used to achieve stable operation with 
reduced cermet degradation. 
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Fig. 2.16 – Comparison of the i-V characteristics of SOFCs with Ni/ScSZ and Ni/YSZ 
cermets at 1000 oC using internally reformed methane [38] 
 
Fig. 2.17 – SEM images of (a) Ni/YSZ and (b) Ni/ScSZ anodes surface after being 
exposed to methane for 5 min at 1000 oC [38] 
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 Furthermore, it is important to note that most of the hydrocarbon fuels contain sulphur, 
often in the form of hydrogen sulphide (H2S). It has been reported that Ni-based anodes 
are easily poisoned by H2S across a wide range of concentrations (e.g. 0.5-450 ppm) and 
temperatures (700-1000 oC) [69, 88-92]. At high temperatures H2S is chemisorbed 
dissociatively on the Ni phase as represented by the following reaction, 
                                                                                                               (2.18) 
Recently, the effects of sulphur poisoning on the durability of Ni/YSZ and Ni/ScSZ have 
been conducted at various H2S (2-200 ppm) concentrations and temperatures (700-1000 
oC) [90, 92]. For instance, the degradation of cell voltage of anode-supported cells of Ni-
ScSZ/ScSZ/LSM and Ni-YSZ/YSZ/LSM over time was investigated using  a 13%H2-
58%H2O-29%CH4 fuel having 2 ppm sulphur at 850 
oC and 1 A/cm2 [90]. In this study, the 
voltage degradation rate of the latter was higher than that of the former, as displayed in 
Fig. 2.18.  
 
Fig. 2.18 – Cell voltage under 2 ppm H2S in a 13%H2-58%H2O-29%CH4 fuel at 850 
oC and 
1 A/cm2 [90] 
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Additionally, Sasaki and co-workers [92] demonstrated similar degradation behavior in the 
case of electrolyte supported cells of Ni-ScSZ/ScSZ/LSM and Ni-YSZ/YSZ/LSM in high 
sulphur contaminated fuels (50 and 200 ppm) at 800 oC and 200 A/cm2. These results 
clearly indicate that Ni/ScSZ anodes not only gave improved tolerance towards carbon 
deposition, but also towards suphur poisoning when compared to Ni/YSZ anodes. In this 
regard, Ni/ScSZ anode can be considered as an alternative and potential anode for 
application in hydrocarbon fuels having traces of sulphur. 
2.8  Cathode 
The main function of the cathode is to provide reaction sites for the electrochemical 
reaction of reduction of the oxidant in accordance with the following reaction.  
 
 
      
                                                                                                              (2.19)                                                           
The cathode materials for SOFCs have to meet the following requirements: high electronic 
conductivity at operating temperature, thermal and chemical compatibility with the 
electrolyte, and high catalytic activity for oxygen reduction.  It has been found that several 
perovskite-type (ABO3) rare-earth complex oxides do exhibit mixed oxygen ionic and 
electronic conductivities, and for this reason they are widely studied for application in 
SOFC. La1-xSrxMnO3-  (LSM) has been used as a cathode material for traditional SOFC 
because of its favorable electrochemical characteristics at high temperature, but it is not 
suitable for IT-SOFCs [93].  
2.9  Interconnect 
The primary function of the SOFC interconnect is to connect the anode of one cell to the 
cathode of the next cell in electrical series. The interconnect also separates the fuel from 
the oxidant in adjoining cells of a stack. Because of the relatively high operating 
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temperature, the requirements for interconnect materials are quite stringent, such as high 
temperature oxidation resistance in both anode and cathode atmospheres, high electronic 
conductivity, and thermal expansion compatibility with other cell components [94]. Recent 
progress in reducing SOFC operation temperature from 1000°C to an intermediate 
temperature of around 600-800 °C allows the use of oxidation resistant metallic alloys as 
interconnect material with advantages of easy fabrication, low material cost, significantly 
better mechanical properties, and higher electric and thermal conductivity [95-97]. Metallic 
interconnects such as chromium-based alloys and ferritic stainless steels are considered 
to be promising candidate materials for interconnect applications in SOFC stacks 
operating in the intermediate temperature range of 600-850 oC [4]. 
2.10  Fabrication of SOFC Thick Films by Screen-Printing 
In the fabrication of SOFCs, thick films of anode, electrolyte or cathode can be fabricated 
by various techniques including screen-printing [53, 98-102], tape casting [98, 99, 103, 
104], gel casting [105], sol-gel [106], electrochemical vapor deposition (EVD) [107], 
chemical vapor deposition (CVD) [108], physical vapor deposition (PVD) [109, 110], spray 
pyrolysis [111], plasma spraying [112-114], slurry/spin coating [99, 115, 116], 
electrophoretic deposition (EPD) [117-119] and magnetron sputtering [120-122]. Table 2.6 
displays the comparison of these fabrication methods in the production of thin and dense 
electrolyte films for SOFC applications. Of the fabrication techniques, screen-printing is 
simple, flexible, and economical and is the most widely used technique to fabricate SOFC 
films with a thickness in the range of 10-100 m, as presented in Table 2.6 [122-124]. In 
this manufacturing process, a mixture of solid (e.g. anode, electrolyte or cathode powder) 
and auxiliary materials (e.g. solvent, binder and dispersant) is homogenized using a triple 
roll mill to produce an ink with acceptable rheological properties. During the screen printing 
process, this ink is forced through the open meshes of a screen onto a substrate using a 
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squeegee as demonstrated in Fig. 2.19. Finally, the resultant films are dried to remove 
solvent and then sintered at a high temperature (e.g. 1350 oC) to produce rigid films. The 
flow sheet of the entire manufacturing process is illustrated in Fig. 2.20. 
Table 2.6 – Comparison of the methods for producing thin and dense electrolytes for 
SOFCs applications [123] 
Technique Film characterization Process features 
 Microstructure Deposition 
rate or 
thickness 
Cost Characteristic and limitation 
Vapor phase 
Thermal spray 
technologies 
 100-500 mh
-1
  High deposition rates, various composition 
possible, thick and porous coatings, high 
temperatures necessary 
EVD Columnar 
structures 
3-50 mh
-1
 Expensive 
equipment and 
processing costs 
High reaction temperature necessary, corrosive 
gases 
CVD Columnar 
structures 
1-10 mh
-1
 Expensive 
equipment 
Various precursor materials possible, high 
reaction temperature necessary, corrosive gases 
PVD (RF and 
magnetron 
sputtering) 
Columnar 
structures 
0.25-2.5 mh
-1
 Expensive 
equipment 
Tailor-made films, dense and crack-free films, low 
deposition temperatures, multipurpose technique, 
relatively small deposition rate 
Laser ablation   Expensive 
equipment (laser) 
Intermediate deposition temperatures, difficult up-
scaling, time-sharing of laser, relatively small 
deposition rate 
Spray pyrolysis Amorphous to 
polycrystalline 
5-60 mh
-1
 Economical Robust technology, up-scaling possible, easy 
control of parameters, corrosive salts, post-
thermal treatment usually necessary 
Liquid phase 
Sol-gel, Liquid 
precursor route 
Polycrystalline 0.5-1 m for 
each coating 
Economical Various precursors possible, very thin films, low 
temperature sintering, coating and drying/heating 
process have to be repeated 5-10 times, crack 
formation during drying, many process 
parameters 
Solid phase 
Tape casting Polycrystalline, 
slightly textured 
25-200 m  Robust technology, up-scaling possible, crack 
formation 
Slip casting and 
slurry coating 
Polycrystalline 25-200 m Economical Robust technology, crack formation, slow 
Tape calendering Polycrystalline 5-200 m  Up-scaling possible, co-calendering possible  
EPD Polycrystalline 1-200 m  Short formation time, little restriction to shape of 
substrate, suitable for mass production, high 
deposition rate, inhomogeneous thickness 
Transfer printing Polycrystalline 5-100 m Economical Robust technology, rough substrate surface 
possible, adhesion on smooth substrates difficult 
Screen printing Polycrystalline 10-100 m Economical Robust technology, up-scaling possible, crack 
formation 
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Fig. 2.19 – Schematic representation of the screen-printing process [124] 
 
Fig. 2.20 – Flow sheet representing the manufacturing process of screen-printing [125] 
78 
Parameters such as squeegee load and speed are dependent on the rheological 
properties of the ink. It has been proposed that the squeegee load and speed need to be 
increased and reduced, respectively, if the ink is too tacky resulting from increased solid-
like behavior [126]. Recently, squeegee load of 5 and 9 kg have been successfully used to 
produce YSZ films with thicknesses of 40 and 20 m, respectively [127]. In this study the 
squeegee speed and snap-off (gap between the screen and substrate) were fixed at 60 
mm/s and 1.5 mm, respectively. This result suggests that the film thickness can also be 
adjusted by manipulating the squeegee load. However, there are no studies that correlate 
the quality of the resultant films with the squeegee load and speed. Several studies have 
used the squeegee load and speed in the range of 3 to 9 kg and 10 to 60 mm/s, 
respectively, in the printing process [124, 127-130]. From the perspective of film quality, it 
is expected that a low squeegee speed (e.g. 20 mm/s) may help improve the surface 
leveling of the printed films by allowing more time for ink flow, especially when using highly 
viscous inks as suggested in the case of YSZ inks [129]. 
2.11  Rheological Properties of Screen-Printing Inks 
In the production of optimal screen printed films factors such as printer settings, screen 
options, substrate preparation and ink rheology need to be considered seriously [127, 
129]. All these parameters can be readily controlled, other than the rheological properties 
of the ink. Therefore, the characterization and optimization of the rheological properties are 
of great importance for the production of quality SOFC electrolyte/electrode films. The 
rheological properties can be evaluated by determining the steady state (e.g. viscosity, 
yield stress, thixotropic) and dynamic (e.g. viscoelastic) properties of the inks which have a 
direct impact on the film properties. 
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2.11.1  Steady State and Dynamic Properties of Inks  
Viscosity is a steady state (static) property of an ink and this property generally increases 
with the increase in solid and/or binder content [127-129, 131, 132]. In the case of YSZ 
inks, it has been reported that inks having viscosity in range of 4-12 Pa.s measured at the 
shear rate of 100 s-1 are generally suitable for screen printing application [131]. A similar 
viscosity range was also reported by Sanson et al. [132] in the case of water based CGO 
electrolyte inks. However, these claims would have been more convincing if the studies 
had considered the dynamic properties (e.g. elastic/solid-like and viscous/liquid-like 
moduli) of the inks.  Normally, the yield stress of the inks also increases with increasing 
viscosity due to improved particle association in the inks. The yield stress measures the 
relative strength of particle network within the inks and is closely related to the elasticity of 
the inks. This parameter measures the transition point from an elastic-solid-like behavior to 
a liquid-like behavior [133].  It is important to note that inks having high viscosity and yield 
stress may impair the screen mesh leading to incomplete printing, and even damage to the 
screen itself. Additionally, screen-printing inks must show acceptable thixotropic 
properties, which are important to improve the surface leveling of the resultant films [132].  
Moreover, inks with poor thixotropic properties may result in cracked films after sintering, 
as shown in the case of films fabricated using the water based CGO inks. The cracked 
films can be related to the relatively low particle network strength within the inks, which are 
not suitable for the screen printing. 
 The viscoelastic properties of an ink are determined to be more significant than the 
static properties because the former provides detailed information of particle network 
strength within the ink. The viscoelastic properties of the ink are defined by its 
elastic/storage (G’) and viscous/loss (G”) moduli which provide the solid-like and liquid-like 
properties, respectively. Generally, an ink having good particle network strength exhibits a 
large elastic modulus (indicating a high resistance towards separation and slumping) while 
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a large viscous modulus reflects an in-elastic sample with decreased particle network 
strength within the ink. Durairaj et al. [126] suggested that a high G’ value may result in 
ink/paste hang-up on the squeegee, limited printing speed and increasing squeegee load. 
On the other hand, a high G” value may result in slumping and ink bleeding which 
characteristics need to be avoided in the screen-printing. The ratio of G”/G’ (or phase shift, 
tan-1[G”/G’]) indicates the strength of interaction within the internal structure of the ink. The 
phase shift close to 0 and 90
o
 indicates a liquid-like and solid-like behavior, respectively. It 
is expected that inks having phase shift in the range of 30-50
o
 are suitable for screen-
printing. However, Durairaj et al. [126] reported that the magnitude of G’ and G” are more 
significant in determining the printability of  inks/pastes compared to the ratio of G”/G’ as 
shown in the case of solder paste. Hence, a balance between the moduli is important to 
enable screen-printing for the production of high quality films with improved particle 
connectivity. The overall elasticity and tackiness of the inks can be measured by 
determining the complex modulus (G*) of the inks based on the following equation; 
    √                                                                                                                (2.20)       
The complex modulus is determined to be more relevant when evaluating the applicability 
of the inks for screen-printing application. So far, there has not been any specific range of 
complex modulus suggested by studies of screen-printing inks. This range is expected to 
be more significant than the viscosity range when determining the overall quality of the 
inks for screen-printing. 
2.11.2  Factors Influencing the Rheological Properties of Inks 
In general, the rheological properties of an ink are dependent on several factors such as 
the particle size and distribution of the powder [126, 134, 135], solid content [129, 131] and 
the composition of the ink which generally comprises a binder, a dispersant and a solvent, 
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in addition to the powder [129, 131, 135-137]. The maximum acceptable solid loading in a 
screen-printing ink is determined by the particle size and distribution of the powder, in 
addition to the binder and solvent contents used in ink preparation. For example, in the 
preparation of YSZ screen-printing inks, the maximum applicable solid content in the inks 
prepared using powders having surface areas of 4.31 (d50 = 0.56 m) and 6.01 (d50 = 0.37 
m) m2/g was reported as 50 and 45 vol%, respectively [131]. In this preparation the 
binder content was fixed at 0.25 wt% of solid content. In addition, the viscosity of the 
resultant inks varied with the binder type and specific surface area of the powders at the 
identical solid, solvent and binder contents in the inks.  
 Solvent type also plays a critical role in determining the maximum solid content in a 
screen-printing ink. Terpineol is a commonly used solvent in the fabrication of screen-
printing inks [127, 131, 137]. Fig. 2.21 shows the chemical structure of two solvents that 
were used in this research and their general physical properties are presented in Table 
2.7. In several cases, a mixture of 94 wt% of terpineol solvent and 6 wt% of ethylene 
cellulose binder was used as a vehicle in ink fabrication [122, 128]. Dollen et al. [129] have 
investigated the rheological properties of YSZ inks using three types of vehicles, namely 
vehicle A, B and C (vehicle is a mixture of solvent and binder) and the result of phase shift 
as a function of solid content is demonstrated in Fig. 2.22.  
   
Fig. 2.21 – The chemical structure of (a) anhydrous terpineol [138] and (b) texanol ester 
alcohol [139] 
(a) (a) 
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Table 2.7 – Physical properties of terpineol and texanol solvents [138, 140] 
Properties Terpineol Texanol 
Molecular formula C10H18O C12H24O3 
Molecular weight (g/mol) 154.25 216.32 
Density at 20 
o
C (g/cm
3
) 0.934 0.95 
Boiling point (
o
C) 219 254 
Supplier Sigma-Aldrich IMCD UK/Hercules 
 
 
Fig. 2.22 – Printing interval phase shift versus solids loading for screen-printing based on 
three separate commercially available vehicles of A, B and C [129] 
From the figure, it is clear that inks fabricated using vehicle C showed the lowest viscosity 
(highest phase angle) followed by that fabricated using vehicles B and A, respectively, 
indicating that the vehicle C was fabricated using a solvent with the lowest viscosity. Also, 
the study predicted the maximum solid content of 40 vol% even with the lowest viscous 
vehicle (vehicle C) for screen-printing application. The solid content has a strong effect on 
the elastic and viscous moduli of the ink. Usually, the elastic modulus is predominant when 
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the solid content increases in the ink, as shown by the decreased phase shift with 
increasing solid content in Fig. 2.22. Too high an elastic modulus may result in ink hang on 
the squeegee and in turn printing difficulty. Also, a study reported that the thickness and 
surface roughness of resultant YSZ films fabricated using inks having various solid 
contents increased proportionally with increasing solid content [129], perhaps due to 
improved elasticity in the ink at a higher solid content. Therefore, an optimum solid content 
in the ink needs to be determined based on the ink composition for the production of high 
quality films.  
 Generally, binder is used in the ink formulation with the aim of improving the particle 
network strength within the ink as demonstrated in the case of YSZ inks [137]. Many types 
of binders have been used in the ink formulation including ethylene cellulose (EC) [127, 
137, 141], poly(vynil butyral) (PVB) [131, 134, 135, 141] and poly(methyl methacrylate) 
(PMMA) [142]. Ethyl cellulose differs from cellulose in which the two/three hydrogen (H) 
atoms from the hydroxyl (-OH) groups in the cellulose chain are substituted with two/three 
ethyl groups (-C2H5) – depends on the degree of ethoxyl (-OC2H5) substitution. The 
substitution of the free hydroxyl groups of each glucose unit alters the physical properties 
of the material by making it, for example, soluble in organic solvents such as terpineol and 
texanol. Generally, EC polymers are produced and marketed in a number of different 
viscosities. Viscosity increases as the length of polymer molecule increases. In this 
research, EC grade N7 (Hercules Inc., USA) with a degree of substitution of ethoxyl group 
per unit glucose of 2.46-2.58 was used as a binder. This means the binder has an ethoxyl 
content of 48.0 to 49.5 % w/w [143]. Fig. 2.23 displays the chemical structure of cellulose 
and its derivative, namely, ethyl cellulose with a degree of substitution of ethoxyl group per 
unit glucose of 2.46-2.58 and with a complete ethoxyl substitution (54.88 % w/w).  
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Fig. 2.23 – The chemical structure of (a) cellulose, (b) ethyl cellulose with the degree of 
substitution of 2.46-2.58 and (c) ethyl cellulose with a complete substitution [143, 144] 
 Binder content has a significant impact on the rheology of an ink for the screen-
printing application. Too high a binder content may result in increased tackiness of the inks 
which in turn affects the printability and quality of the resultant green films. On the other 
hand, a lower binder content may cause film cracking during the drying of the resultant 
green films as a result of reduced particle network strength within the inks [134, 137]. 
Therefore, a balance between the solid and binder content is important to control the 
rheology of the ink. It is important to note that, in the fabrication of an electrolyte ink, a 
combination of a higher solid content (> 30 vol%) and a lower binder content (< 1 wt%) is 
    (a) 
(b) 
(c) 
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normally used to improve the density of the electrolyte films [131, 137]. However, in the 
case of an electrode ink, a lower solid content (< 30 vol%) is expected due to the fact that 
a higher binder content (> 1 wt %) is generally used during the ink fabrication, perhaps to 
improve the porosity of the resultant electrode films after binder burnout during sintering. 
The effect of binder content on the elastic (G’) and viscous (G”) moduli within the YSZ inks 
is presented in Fig. 2.24.  
 
Fig. 2.24 – Stress dependence of G’ and G” for YSZ inks at a frequency of 12.57 rads-1 
[137] 
Inks A, B and C were fabricated using binder contents of 0, 0.14 and 0.36 wt% of powder 
in this study. The result was measured via the oscillatory amplitude stress sweep test at a 
low frequency of 12.57 rads-1. As shown in the figure, the elastic and viscous moduli of the 
inks increased with increasing binder content. Furthermore, the particle network strength, 
represented by the length of linear viscoelastic region (LVR), also increased with 
increasing binder content before dropping off as result of network structure breakdown. 
Linear viscoelastic region (LVR) 
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’ 
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The study clearly indicated that the additional function of the binder is to improve the 
particle association within the inks which may lead to the production of high quality films 
with improved particle connectivity and mechanical strength. Moreover, the combination of 
both improved porosity and particle connectivity with increasing binder content may result 
in improved triple phase boundary (TPB) sites in the case of electrodes, and this could 
improve the integrity and performance of the electrodes as shown in the case of LSM and 
LSM-YSZ cathodes [141]. The effect of binder type also has a significant impact on the 
microstructure and electrochemical performance of electrodes, as demonstrated by Piao et 
al. [141] in the case of LSM cathodes. In this study, cathodes were fabricated using ethyl 
cellulose (sample A) and poly(vinyl butyral) (sample B) binders, respectively. The 
microstructure of the LSM cathodes films prepared using the two different binders is 
presented in Fig. 2.25, while the fabrication process parameters and the electrochemical 
results obtained using Pt/YSZ/LSM cells at 800 oC are shown in Table 2.8. The SEM 
images show that the porosity of films fabricated using ethyl cellulose binder was 
significantly higher than those fabricated using poly(vynil butyral) binder due to the fact 
that the former is a linear polymer while the later has branches in its structure. The table 
shows that the polarization resistance, consisting of charge transfer resistance and 
diffusion resistance, of the cathode film made by ethyl cellulose binder (sample A) is lower 
than that made by poly(vynil butyral) binder (sample B). The decreased resistance in the 
case of sample A is attributed to improved triple phase boundary (TPB) sites in this sample 
as a result of increased porosity as shown in Fig. 2.25. This result indicated that the 
combination of both binder content and type has significant impact on the electrode 
performance. 
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Fig. 2.25 – SEM images of LSM cathode films fabricated using different binders (a) ethyl 
cellulose and (b) poly(vynil butyral) [141] 
Table 2.8 – Fabrication parameters of cathode films and impedance spectra data 
measured at 800 oC [141] 
Sample 
Binder 
type 
Mesh 
screen 
Sintering 
temperature 
(
o
C) 
Sintering 
time (h) 
Porosity 
(%) 
Series 
resistance, 
Rs (cm
2
) 
Polarization 
resistance, 
Rp (cm
2
) 
A 
Ethyl 
cellulose 
120 1200 2 30-40 0.8365 0.3761 
B 
Poly(vynil 
butyral) 
120 1200 2 10 0.9567 0.7113 
 
 The function of dispersant is to improve the separation of solid particles by the 
formation of an electrostatic or a stearic barrier around the particle surfaces, so that the 
interparticle forces between neighbouring particles can be optimized to a satisfactory level 
and consequently reduce the viscosity of an ink [136, 145-147]. As a result of this effect, 
the solid content in the ink formulation can be increased accordingly. In addition, the 
addition of dispersant may stabilize the ink by preventing particle agglomeration over time. 
Powder with a higher surface area generally requires a higher amount of dispersant to 
cover the surface of the powder. Inks with a high particle dispersion are essential for 
attaining defect-free and sintered films with improved electrical properties [148]. There 
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have been many types of dispersants used in the Ni, TiO2, BaTiO3, SOFC-electrolyte (e.g. 
YSZ and CGO) and SOFC-cathode (e.g. LSCF) ink formulations, as listed in Table 2.9 
[136, 146-150]. In this research, Hypermer KD-15 (Croda, UK) which is called as 2-(1-
octadecenyl) succinic acid was used as a dispersant. This dispersant plays a critical role in 
steric stabilization and its chemical structure is shown in Fig. 2.26. The dispersant has two 
carboxyl functional groups in its molecular structure and is determined to interact 
effectively with basic sites such as oxide compounds of cermet powder. On the other 
hand, the long hydrocarbon chain in the molecular structure extends from the surface into 
non-aqueous solvent and act as good moieties in non-aqueous media. The longer the 
hydrocarbon chains, the better the stabilization effect [151]. 
Table 2.9 – Types of dispersants used in ink formulations [136, 146-150] 
Material Designation Density 
(g/cm
3
) 
Polarity Specifications 
Polyester/polyamine 
condensation polymer 
KD-1 1.11 Weakly 
cationic 
Powder form, acid number 19-
31 mg KOH g
-1
, base equivalent 
1100-1600 
Polymeric dispersant KD-2 1.00-1.05 Weakly 
cationic 
Liquid form, base equivalent 
1500-1950 
Oligomeric polyester KD-4 0.91 Weakly 
anionic 
Liquid form, acidic number 28-
37 mg KOH g
-1 
Oligomeric polyester KD-5 0.91 Weakly 
anionic 
Pasty form, acidic number 66-77 
mg KOH g
-1 
Polymeric dispersant KD-6 1.08 Non-ionic Liquid form, acid value 6.0-12.0 
mg KOH g
-1
, HLB number 11-12 
Polymeric dispersant KD-7 1.00 Non-ionic Liquid form, acid value 5 mg 
KOH g
-1 
Polymeric dispersant KD-15 0.91 Weakly 
anionic 
Liquid form 
Polyoxyalkylene   
amine derivative 
PS-2 1.00-1.05 Weakly 
cationic 
Liquid form, base equivalent 
1500-/1950 
Oleic acid – 0.89 – Liquid form 
Solsperse 3000 – 0.91 – Liquid form 
Stearic Acid – 0.89 – Liquid form 
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Fig. 2.26 – The chemical structure of Hypermer KD-15 dispersant [152]  
Generally, a low concentration of dispersant (e.g. 1-4 wt% of powder) is determined 
sufficient to produce a well dispersed ink as shown in the case of Ni inks [136, 147, 148]. 
Also, the viscosity of the inks may vary with dispersant type. For example, the viscosity of 
Ni-terpineol inks fabricated using KD-1, KD-4 and KD-7 dispersants (2 wt% of powder) at 
the shear rate of 1000 s-1 was determined as 72, 62 and 51 mPa.s, respectively [148]. This 
result indicated that the particle separation in the inks having KD-7 was better than that 
having KD-1 and KD-4. In several cases, the ideal amount of dispersant needed is 
generally provided by its manufacturer. Most dispersant manufacturers recommend the 
dispersant amount based on a powder coverage value of around 1-3 mg/m2. This is done 
by multiplying the weight of powder by its BET surface area and then multiplying that by 
the dispersant coverage area. 
2.12  Interaction between Dispersant, Solvent, Binder and Particle 
It is important to maintain a high dispersion quality at all stages of the ink formulation in 
order to produce defect-free sintered films with desired electrical properties [153]. In this 
regard, anode composite powders need to be initially dispersed with a dispersant. The 
Hypermer KD-15 molecule which has lyophilic polar functional groups (-COOH) on one 
side is capable of anchoring the polar end of the molecule onto the particle surface 
(adsorbent), whilst the adsorbed molecules stretch the lyophobic tail (hydrocarbon tail)  
end into the organic liquid media for avoiding direct contact with the adjacent particles as 
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demonstrated in Fig. 2.27. This is generally called a steric stabilization which is important 
to improve particle dispersion in ink processing.  
 
Fig. 2.27 – Sterically stabilized particles [154] 
 Ethyl cellulose (EC) has been generally used as a binder in the paste industry to 
impart shear thinning and thixotropic characteristics to the paste for adaptability with 
screen-printing [155]. Ethyl cellulose has an enhanced hydrophobic nature with the 
presence of ethoxyl group that cannot participate in hydrogen bonding. For this reason, the 
chains are more flexible and can be dissolved in organic solvents such as terpineol [156]. 
The solubility of EC in organic solvents depends on the ethoxyl content. EC containing 
less than 46-48 % of ethoxyl groups is freely soluble in tetrahydrofuran, in methyl acetate, 
in chloroform, and in aromatic hydrocarbon and ethanol mixtures while EC containing 46-
48 % or more of ethoxyl groups is freely soluble in ethanol, in methanol, in toluene, in 
chloroform, and in ethyl acetate [157]. The degree of solubility of EC polymer in terpineol 
and texanol solvents can be determined by measuring their intrinsic viscosity. Generally, 
polymer swells in a good solvent, leading to greater intrinsic viscosity [158]. In a poor 
solvent, the interaction of polymer-solvent becomes less significant than that of polymer 
chains, giving a smaller gyration size of polymer (length of polymer chain network) and a 
lower intrinsic viscosity [159]. Improved solubility of binder in a solvent may result in a 
better particle bridging through hydrogen bonding between the hydrogen group of EC 
Particle Dispersant 
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polymer and oxygen from surface of Ni/Sc/Zr, which act as a cross-linkers. As noted 
previously, the dispersant amount used to stabilize particles was very small (1.7 wt% of 
powder) and is expected to give a very small interaction or negligible interaction between 
carboxyl (-COOH) groups of dispersant and hydroxyl (-OH) groups of EC and solvents in 
this research.  
 According to transient network theory (TNT), introduced by Green and Tobolsky [160], 
three different types of polymer chains formed in a solution can be considered: (i) 
elastically active chains, whose ends are connected to the network; (ii) dangling chains 
with only one end attached to the network, (iii) free chains, not linked to the network, as 
illustrated in Fig. 2.28. The network is the results of temporary junctions like entanglements 
or weak hydrogen bonds between those chains, and it is able to flow upon deformation, 
changing the rheological properties of the entire system. 
 
Fig. 2.28 – Polymeric chains in systems characterized by transient networks [156] 
Three different effects induced by the shear, namely, (i) chain stretching, (ii) an enhanced 
probability of intermolecular associations of ionic groups, and (iii) coagulation of free 
chains can be considered [161]. The dynamics of the network depends on the rates at 
which the chains leave and rejoin it and chain conformation in solution [156]. Patruyo et al. 
[162] showed that dilute solutions having long free polymeric chains are Newtonian at low 
shear rate (e.g. < 0.1 s-1) followed by shear-thickening before turning shear thinning with 
increasing shear rate. This is consistent with the fact that the chains are first tend to 
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stretch, liberating more associating groups and then interact with the pre-existing network 
which produces more junctions than in equilibrium showing the shear thickening effect, 
when a shear rate is applied [156]. This effect can be enhanced by the presence of 
dispersant and/or solid particles, which strengthen the macromolecular interactions 
through the formation of intermolecular cross-links between the polymeric chains, as 
suggested for TiO2 screen-printing ink [156]. The hypothetical structural changes induced 
by the controlled applied shear rates by a rheometer on the TiO2 inks (terpineol + EC + 
lauric acid + TiO2) are summarized in Fig. 2.29 and the similir structural changes are 
expected in the case of NiO/ScSZ screen-printing inks. 
 
Fig. 2.29 – Schematic representation of the proposed structural changes induced by shear 
rate on TiO2 inks [156]  
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When shear rates are applied, the particles sizes decrease and EC macromolecules start 
to stretch. These two phenomena increase the probability of interactions between solid 
particles and EC chains – the macromolecules can connect new particles, leading to more 
structured agglomerates and less free or dangling chains. During the stretching of EC 
chains, the viscosity of the inks does not change until a critical shear rate,  ̇ , is achieved 
from which the viscosity increases as a result of network formation between the free and 
dangling chains and titania particles. This network formation leads to shear-thickening 
behavior in the TiO2 inks. When the chains reached their maximum extension and all the 
possible bonds with titania particles are formed, the flow curve reaches a maximum 
viscosity corresponding to the characteristic shear rate,  ̇ . After which, the viscosity of the 
inks markedly decrease due to ordering effect of agglomerates and shear-thinning 
behavior is observed as shown in Fig. 2.29. 
 At the highest shear rate, the EC shows a highly extended conformation. As the shear 
rate is decreased, the chains begin to re-coil, but they are constrained by the intra-chain 
cross-linking action of the titania particles. As a consequence, the extent of the association 
and thus the viscosity of the system is higher at the end of the down sweep curve. This 
effect, however, depends on the strength of the bonds between the particles and the 
cellulosic chain. The study also indicated that the milling and crushing of agglomerates 
increased the number of particles in solutions and consequently, extent the inter-chain 
cross-linking between the titania particles and EC chains.  
2.13  Summary 
This chapter highlights the four principle components of SOFCs followed by a detailed 
discussion on the film fabrication techniques and the rheology of screen-printing inks. 
More attention was given to the electrolyte and anode in this literature review. As 
discussed throughout the chapter, scandia stabilized zirconia (ScSZ) is a promising 
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electrolyte instead of yttria stabilized zirconia (YSZ) for intermediate temperature SOFCs 
(IT-SOFCs); however, less attention has been given to the former. It is important to note 
that the ScSZ electrolyte shows a phase transformation from a cubic to rhombohedral 
phase at operating temperature below 700 oC. However, the cubic phase has been 
successfully stabilized at room temperature by replacing 1 mol% of scandia by another 
dopant such as Yb2O3, Y2O3, Bi2O3, CeO2 or Al2O3. Furthermore, the electrical conductivity 
of ScSZ is significantly higher than YSZ and this property is expected to improve the 
electrochemical activity of Ni/ScSZ cermet anodes, especially at lower temperatures. Not 
only does ScSZ show improved electrical properties, but it also shows no degradation in 
conductivity with annealing time compared to that with YSZ. 
 From the perspective of the anode, this chapter focuses on the fabrication and 
processing of Ni/YSZ cermets followed by a degradation study on Ni/Zirconia cermet 
anodes. It is clear that an anode must have a sufficient porosity and electrical conductivity 
in addition to a small thermal expansion mismatch with other cell components. 
Furthermore, fabrication conditions such as the sinter temperature, starting powders, 
reduction condition and powder calcining have been shown to play important roles in 
determining overall anode performance. In the case of Ni/ScSZ and Ni/YSZ cermets, 
several studies showed that the presence of ScSZ in the cermet anode significantly 
reduced carbon deposition and sulphur poisoning compared to those with YSZ. This 
improved tolerance towards carbon deposition and sulphur poisoning in addition to 
improved electrochemical performance suggests that Ni/ScSZ anodes can be used as an 
alternative anode with ScSZ electrolytes, especially for IT-SOFCs application, and this 
may directly reduce the SOFCs operating and fabrication costs. 
 Various types of SOFC film fabrication techniques have been discussed in this 
chapter. Of the techniques, screen-printing is the cheapest and most commonly used 
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technique to fabricate a thick film with a thickness in the range of 10-100 m. Printing 
parameters such as squeegee load and printing speed are closely related to the rheology 
of screen-printing inks. For example, the squeegee load and printing speed need to be 
increased (e.g. 9 kg) and reduced (e.g. 10 mm/s), respectively, when the viscosity and 
tackiness of the inks increase in order to obtain high quality films. The rheology of the inks 
can be evaluated by measuring their steady state (e.g. viscosity and thixotropy) and 
dynamic properties (e.g. elastic and viscous moduli). Screen-printing inks must show 
satisfactory thixotropic properties with the aim of improving the surface evenness of the 
resultant films. The dynamic properties are of greater importance when evaluating the 
particle network strength within the inks. The rheology of an ink is controlled by the particle 
size and distribution of the powder, solid content and importantly the composition of the ink 
which comprises a solvent, a binder and a dispersant, in addition to the powder. In the 
fabrication of an electrolyte ink, a combination of a high solid content (> 30 vol%) and a 
low binder content (< 1 wt% of powder) is generally used to produce a dense film with 
minimum film defects. However, in the case of an electrode ink, a higher binder content (> 
1 wt% of powder) is preferred with the aim of improving the porosity of the resultant films 
after the binder burnout during sintering. The higher binder content may increase the 
viscosity of the ink and this effect needs to be adjusted by lowering the solid content (< 30 
vol%) in the ink formulation. In general, a low concentration of dispersant (1-4 wt%) is 
used to produce a well dispersed ink. Also, the application of dispersant may reduce the 
viscosity of the ink and this effect may increase the solid content in the ink. In conclusion, 
the quality and performance of a film are strongly dispersant on the rheology of the ink. 
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CHAPTER 3.       
Experimental Methodology  
3.1  Introduction 
This chapter discusses the various experimental and fabrication techniques used in this 
research. Firstly, the preparation and characterization of NiO/ScSZ and NiO/YSZ 
composite powders by various techniques is discussed. After which, the preparation 
technique of screen-printing inks and the characterization of the resultant inks using a 
rheometer are described in detail. The correlation between the composition and rheology 
of the inks is critical in order to determine the applicability of the inks for screen-printing, 
and this correlation can be used to evaluate the quality of the resultant films. Furthermore, 
the properties of resultant films such as microstructure, electrical performance, 
electrochemical performance and mechanical properties are other important properties 
which can be used to study the impact of ink rheology on the overall performance of the 
anodes. The methods used for the determination of these properties are clearly discussed 
in the following sections. 
3.2  Preparation of NiO/ScSZ and NiO/YSZ Composite Powders 
In this study, NiO/10 mol% Sc2O3- ZrO2 (NiO/10ScSZ) and NiO/10 mol% Sc2O3- 1 mol% 
CeO2-ZrO2 (NiO/10Sc1CeSZ) powders were prepared by mixing NiO powder (NexTech 
Materials, Ltd., USA) with 10ScSZ (NexTech Materials, Ltd., USA) and 10Sc1CeSZ 
(NexTech Materials, Ltd., USA) powders, respectively. The NiO/10ScSZ and 
Ni)/10Sc1CeSZ composites with 10 to 60 vol% Ni content were prepared by mixing the as-
received commercial powders of NiO, 10ScSZ and 10Sc1CeSZ. All the anode composite 
powders were thoroughly mixed using a planetary ball mill (Retsch PM 100, Germany) with 
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ethanol for 3 h. The ball milling media consisted of ZrO2 (Tosoh Co., Japan) balls (5 mm in 
diameter) and a zirconia bowl (250 cm3). The ball-to-powder weight ratio was 5 to 1 and 
the rotation speed was 250 rpm. After milling, the wet ball-milled powders were dried in an 
oven at 90 oC for 24 h.   
 Two types of NiO/8 mol% Y2O3- ZrO2 (NiO/8YSZ) composite powders consisting of 
micro-sized and nano-sized powders with 20-40 vol% Ni were prepared by the method 
described above. The micro-sized composite powders were prepared by mixing the as-
received commercial powers of NiO (NexTech Materials, Ltd., USA) and 8YSZ (Tosoh Co., 
Japan). Similarly, the nano-sized composite powders were prepared by mixing the 
synthesized nano-sized powders of NiO and 8YSZ. These nano-sized powders were 
synthesized via a continuous hydrothermal flow synthesis (CHFS) system as described 
below. 
3.3 Preparation of Nano-Sized Powders via Continuous Hydrothermal Flow 
Synthesis (CHFS) System 
Normally, nano-sized powders of anode, electrolyte and cathode for the application in 
SOFCs are synthesized by a liquid phase or a gas phase reaction. For example, gas 
phase reactions such as combustion, glycine-nitrate and citrate-nitrate processes were 
successfully used to synthesize nano-sized powders of anodes (e.g. NiO/YSZ, Ni/CGO 
and Ni/SDC), electrolytes (e.g. YSZ, CGO, SDC and ScSZ) and cathodes (e.g. LSCF and 
LSM) [1-8]. In the case of liquid phase reactions, these nano-sized powders were prepared 
through Phecini routes, precipitation and sol-gel synthesis [9-21]. Comparing liquid and 
gas phase syntheses of nanoparticles, each has advantages and disadvantages, usually 
in opposition to each other. For example, gas phase syntheses are usually very rapid 
compared to liquid phase syntheses. Furthermore, gas phase syntheses tend to require 
extreme conditions (high temperature), and produce crystalline materials, whereas liquid 
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phase syntheses use less extreme conditions (low temperature), but then the product may 
be largely amorphous and require calcination. A gas phase synthesis often produces small 
particle sizes through maximizing supersaturation and therefore nucleation rate. For 
example, the particle sizes of YSZ nano-sized powders synthesized by glycine-nitrate 
process [8] (gas phase) and precipitation method [21] (liquid phase), followed by 
calcination at 600 oC for 2 h, are 8 nm and 12 nm, respectively.  
 There is a real need to make nano-sized powders more efficiently, possibly faster, in 
fewer steps, whilst being environmentally friendly or using less energy overall. Continuous 
hydrothermal flow synthesis (CHFS) is a novel system which offers significant advantages 
over the conventional synthesizing methods. It produces very fine nanocrystalline 
materials (e.g. 3-10 nm) in a single step without the need of the calcination step. By 
avoiding this step, the grain growth and particle agglomeration can be eliminated. The 
CHFS system used to synthesize nano-sized powders in this study is shown in Fig. 3.1. 
This system consists of three feeds; a metal salt solution feed, a base solution feed (to 
adjust the pH for the reaction) and a deionized (DI) water feed. All the three feeds are 
pumped by HLPC (Gilson 305) pumps fitted with 25 mL pump-heads, 316SS SwagelokTM 
1/8" stainless steel fittings and tubing (except for the “counter-current reactor”). Pump P1 
was used to pump water to a 2 kW electrically powered water pre-heater, which was built 
from 1/4” fittings and consisted of a 1 kW FirerodTM (Watlow) heater cartridge encased in 
rod of aluminium metal around which 6 m of ¼” stainless steel high pressure tube was 
wound. 
 Briefly, the mixture of 0.1 M solution of metal ion and 1.0 M solution of potassium 
hydroxide are brought in contact with a supercritical water feed (typically ≥ 350 oC) at a 
mixing point under a pressure of ca. 24.0 MPa in a counter-current reactor. System 
pressure was maintained using a Tescom back pressure regulator (BPR) (Model no. 26-
1762-24-194). Additionally, a small 5 cm 200 W band heater set at 450 °C was placed 
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around the counter-current reactor, which was monitored by a Eurotherm controller (Model 
2216e), to maintain a high reaction temperature [23]. 
 
Fig. 3.1 – Flow chart of the three-pump CHFS system [22] 
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In all cases, pump speeds were 10 mL min-1, except for the superheated water (20 mL 
min-1). At the mixing point, supersaturation of the solutes (metal ions) was achieved due to 
the properties of supercritical water, which can be described as an intermediate between a 
gas and a liquid phase, and act as a medium for producing a rapid precipitation of 
crystalline nanoparticles of the metal oxide. The stream containing product was then 
cooled down near to room temperature through a pipe-in-pipe cooler and large particles 
were filtered out using a 7 µm Swagelok in-line filter. The product was collected at the exit 
of the BPR. The whole synthesis process is proposed to occur via a two stage 
decomposition mechanism [24] as follows; 
Hydrolysis step: M(NO3)x (aq) + x H2O          M(OH)x + x HNO3                          (3.1) 
Dehydration step: M(OH)x (s)           M(O)x/2 + x/2 H2O                                      (3.2) 
The suspension was then filled into 50 mL centrifuge tubes and centrifuged at the speed of 
4800 rpm for 15 min.  Approximately 40 mL of liquid was removed and then replaced with 
40 mL of clean deionised water and shaken using a vortex mixer to disperse the solids. 
These cleaning steps were repeated for another two or three times until the pH of the 
liquid reaches 7. After the suspensions were centrifuged, the wet solids were then dried 
using a Vitris Advantage Freeze Dryer (Model 2.0 ES), supplied by BioPharma for 22 h 
and 30 min at 1.33 x 10-4 MPa. 
The current continuous hydrothermal flow system (CHFS) used in this work is a 
„Nozzle Reactor‟ as shown in Fig. 3.2 (a). The reactor was designed as a pipe-in-pipe 
arrangement (described in Fig. 3.2 (b)), where the internal pipe had an open-ended nozzle 
and the supercritical water flowed downwards through an internal 1/8” pipe and met with 
an upwards flowing aqueous metal salt solution in a counter-current fashion. 
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Fig. 3.2 – (a) Schematic and (b) construction of “Nozzle Reactor” design used to 
produce nano-sized particles [25] 
3.4  Particle Size Measurement 
Particle size measurement was performed using Beckman Coulter (LSTM 230) and 
Zetasizer Nano (Malvern Instruments) particle size analysers. The former was used to 
measure the particle size distribution of micro-sized powders while the latter was used to 
measure the particle size distribution of nano-sized powders. Both the analysers have the 
capability of measuring particle size distribution in the range of 0.375-2000 m and 0.3 
nm-10 m, respectively, via laser diffraction technique. It works on the principle that when 
a beam of light (a laser) is scattered by a group of particles, the angle of light scattering is 
inversely proportional to particle size (e.g. the smaller the particle size, the larger the angle 
of light scattering) [26]. Before the measurement was carried out, all the samples were 
individually dispersed in deionized (DI) water using an ultrasonic bath for 10-30 min with 
the aim of reducing particle agglomeration. The measurement was repeated at least three 
times to obtain reproducible results for each sample. 
(a) (b) 
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3.5  Brunauer-Emmet-Teller (BET) Surface Area Analysis 
BET surface area, SBET was measured by nitrogen physisorption at -195.5 
oC, using an 
ASAP 2420 (Micromeritics Co. Ltd.) analyser. The powders were accurately weighed (ca. 
0.5 g) and placed in glass cells. After which, glass rods were placed within the cells to 
minimize dead space. All the samples were degassed at 110 C for 10 h with the aim of 
removing water and other contaminants prior to the BET analysis. After degassing, the 
samples were moved to BET analysis port to start the analysis. In this analysis, the 
amount of nitrogen gas adsorbed onto the surface of the samples (X) was measured by 
varying the partial pressures (P) of the adsorbing gas. Ideally, five data points are 
sufficient to successfully determine the BET surface area of the samples.  
Firstly, the following BET equation is used to determine the maximum mono-layer gas 
adsorption (Xm), which is the volume of gas adsorbed at standard temperature and 
pressure; 
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)                                                                                            (3.3) 
Where Po is the partial pressure of nitrogen at saturation and constant C is related to the 
interaction between gas and solid. The nitrogen adsortion was measured using five 
relative partial pressures (P/Po), varied in the range of 0.01-0.3 for which equation (3.3) 
holds. By ploting P/[X(Po-P)] against P/Po, a linear graph with a positive slope can be 
obtained. The slope (m) and y-intercept (n) of the graph are then used to measure Xm as 
follows; 
   
 
     
  
   
  
                                                                                                        (3.4) 
Once Xm is determined, the BET surface area of the powders can be calculated using the 
following equation; 
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Where No is Avogadro‟s constant (6.022 x 10
23), Ao is space occupied by nitrogen gas 
(0.162 nm2), w is the sample weight (0.5 g) and Mv represents a molar volume occupied by 
a gas at STP (22414 cm3). All the surface area results were analysed and calculated using 
ASAP data collection and analysis software and normalized by the sample weight as m2/g. 
In addition, the average particle size (DBET) of the powders was estimated using the BET 
surface area (SBET) according to the following equation with  represents the theoretical 
density of powder; 
      
 
     
                                                                                                                 (3.6) 
3.6  X-ray Diffraction Analysis 
X-ray powder diffraction (XRD) is one of the most powerful techniques for  
qualitative and quantitative analysis of crystalline compounds. Information such as 
crystalline phases, degree of crystallinity, amorphous content, size and orientation of 
crystallites can be evaluated via this analysis. In general, X-ray diffractometers comprise 
three basic elements, namely, an X-ray tube, a sample holder, and an X-ray detector [27]. 
X-rays are generated in a cathode ray tube by heating a filament to produce electrons, 
accelerating the electrons toward a target sample by applying a voltage, and bombarding 
the target material with electrons. When electrons have sufficient energy to dislodge inner 
shell electrons of the target material, characteristic X-ray spectra are produced. The 
geometry of an X-ray diffractometer is such that the sample rotates in the path of the 
directed X-ray beam at an angle θ while the X-ray detector is mounted on an arm to collect 
the diffracted X-rays and rotates at an angle of 2θ. By varying the angle θ, the Bragg's Law 
(2dsinθ = n) conditions are satisfied by different d-spacings in polycrystalline materials. 
Plotting the angular positions and intensities of the resultant diffracted peaks of radiation 
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produces a pattern, which is characteristic of the sample. Based on the pattern, the 
structural, physical and chemical information of the material investigated can be obtained.   
In this study, the crystalline phases and lattice parameters of the powders were 
determined by an X-ray diffractometer (XRD, Philips PW1729 Series). This analysis was 
carried out using Cu K radiation ( = 0.15418 nm) with an operating voltage and current 
of 40 kV and 40 mA, respectively. The scanning range was varied between 10 and 100° 
with a step size of 0.02o and a counting rate of 1 s per scanning step. Each sample was 
separately placed onto a circular sample holder and then dispersed with acetone. After 
drying, the holder with the sample was placed in the diffractometer for analysis. Phase 
identification was performed by comparison to the published diffraction data which can be 
found in the Inorganic Crystal Structure Database (ICSD) while the lattice parameter was 
determined according to the CELREF software. The line broadening method was used to 
determine the crystallite size of the powders, according to the Scherrer equation;  
     
     
     
                                                                                                      (3.7) 
where 𝜆 is the wavelength of Cu K radiation, β is the calibrated full width at half maximum 
(FWHW) of the (2 2 0) and (2 0 0)  peaks for NiO and zirconia powders, respectively (in 
radian) and θ is the Bragg angle. 
3.7  Scanning Electron Microscopy 
A scanning electron microscope (SEM), consisting of an electron column and a console, is 
a type of electron microscope which produces images by scanning a solid sample with a 
high-energy beam of electrons [28]. In principle, the source of electrons in this instrument 
is the gun fitted with tungsten cathodes. The beam of electrons leaving the gun are then 
accelerated and focussed onto the sample by one or more lenses. After which, the beam 
passes through the pairs of scanning coils which deflects the beam in the x and y axes so 
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that it scans in a raster fashion over a rectangular area of the sample surface. The main 
signals which are generated by the interaction of the primary electron of the beam and the 
sample‟s bulk are secondary electrons (SE), backscattered electrons (BSE) and further X-
rays. The SE signal is produced from a small layer on the surface using a low energy 
beam, which generally yields the best resolution while the BSE signal is produced from a 
deeper region of the sample from a high energy beam to give a lower resolution. These 
signals are then amplified by the detector and presented to the display screens in the 
console as digital images. 
In this study, the morphology of anode films was characterized by a JEOL JSM-
5610LV scanning electron microscope. The accelerating voltage was set at the range of 
10-30 kV and samples were gold coated prior to the analysis. The samples were coated 
with gold in order to produce electrically conductive samples, to prevent the accumulation 
of electrostatic charge at their surface and to increase signal and surface resolution. All the 
images in this study were taken using the SE signal for the production of high resolution 
images. 
The elemental analyses of powders were characterized using a JEOL 6400 scanning 
electron microscope fitted with an Oxford Instruments INCA energy dispersive analytical 
system (EDS). Averages of 5 area (1 x 1 μm) scans were used to calculate the average 
elemental compositions. The accelerating voltage was set at 25 kV and the particles were 
gold coated prior to the analysis. In principle, when the sample is bombarded by the 
electron beam of the SEM, electrons are ejected from the atoms on the sample‟s surface. 
A resulting electron vacancy is filled by an electron from a higher shell, and an X-ray is 
emitted to balance the energy difference between the two electrons. The EDS X-ray 
detector measures the number of emitted X-rays against their energy. The energy of the 
X-ray is characteristic of the element from which the X-ray is emitted. 
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3.8  Transmission Electron Microscopy 
Transmission electron microscopy (TEM) is a technique where a beam of electrons is 
transmitted through an ultra-thin sample [28, 29]. In principle, the electron beam is 
produced by a gun fitted with the tungsten cathodes and is focussed and magnified by a 
system of magnetic lenses. The beam is confined by two condenser lenses through which 
it passes before hitting the sample. After which, the elastically scattered electrons 
generated from the interaction between the beam and sample pass through the objective 
lenses and the following apertures, the objective and selected area apertures, to form a 
display image. Finally, the scattered electrons transmitted to the magnifying system, 
consisting of intermediate and projective lenses, to form a focussed image on a 
fluorescent screen or monitor.  
 The particle size and morphology of the powders in this study were investigated using 
a JEOL JEM-2010 transmission electron microscope. The samples were collected on 
carbon-coated copper grids (Holey Carbon Film, 300 meshes Cu, Agar Scientific, Essex, 
UK) after being briefly dispersed ultrasonically in deionised water for 5 min and 
subsequently dried. After which, the copper grids were placed onto a standard sample 
holder before inserting it into the instrument.  
3.9  Anode Screen-Printing Ink Preparation 
Anode screen-printing inks were prepared by mixing the anode composite powders with 
the materials as shown in Table 3.1. Initially, the NiO/ScSZ or NiO/YSZ composite powder 
and dispersant were thoroughly mixed using a ball mill with acetone for 24 h. The wet ball-
milled powder was then dried in an oven at 90 oC for 3 h. After that, the dry powder was 
mixed with the binder and the solvent preliminarily in an agate mortar before homogenizing 
the mixture using a triple roll mill (EXAKT 80E, Germany). This mill comprises three 
horizontal zirconia rolls rotating in opposite directions and different speeds relative to each 
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other during the mixing process as demonstrated in Fig. 3.3. In general, the gap between 
the rolls can be controlled either by the manual adjustment down to 5 m or by applying 
the force mode during the milling process. The force mode is usually used if the required 
gap between the rolls is below 1 m. However, in this study, the gap between the rolls was 
adjusted manually based on the 3-step procedure as presented in Table 3.2. Steps 1-3 in 
the table are based on the identical ink which was initially homogenized by a two roll 
method (roll 1 and 2) before recovering it by the triple roll method. 
Table 3.1 – Ingredients used in the fabrication of screen-printing inks 
Ingredients Details Supplier 
NiO/ScSZ or NiO/YSZ Prepared by MS In-house 
Dispersant Hypermer KD15  Croda 
Binder Ethylcelulose N7 grade IMCD UK/Hercules 
Solvent 
 
Anhydrous terpineol or 
Texanol ester alcohol 
Sigma-Aldrich 
IMCD UK/Hercules 
 
 
Fig. 3.3 – Geometry and working principle of triple roll mill 
 
 
1 3 2 
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roll 
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roll 
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Table 3.2 – 3-step milling process using the triple roll mill 
Step Gap between roll 1 
and 2 (m) 
Gap between roll 2 and 3 (m) Rotation speed 
(rpm) 
1 25 Reduced from 100 to 5 after 10 min in order to 
collect the ink 
60 
2 15 Reduced from 100 to 5 after 10 min in order to 
collect the ink for second time 
60 
3 15 Reduced from 100 to 5 after 5 min in order to 
collect the final homogenized ink 
60 
 
3.10  Rheological Measurements 
In this study, rheological tests were performed with the aim of studying the flow 
characteristics of screen-printing inks and correlated to the screen-printing process. During 
the printing process the inks are exposed to variable stress levels and responds in a time 
dependent manner. The complex properties of the inks can be characterized by the 
rheological test protocol shown in Fig. 3.4.  
 
Fig. 3.4 – Rheological test protocol 
Rheology  
of inks 
Steady state 
properties 
Viscosity 
Flow curve 
(viscosity vs 
shear rate) 
Yield stress 
Dynamic 
properties 
Oscillation 
Creep and 
recovery 
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All the tests were systematically performed at 25 oC with a Bohlin CVOR 200 rheometer 
(Bohlin, Malvern Instruments, UK) using parallel plates (diameter = 40 mm and gap = 150 
m) as revealed in Fig. 3.5. Further details of the tests are explained in the following 
sections. 
 
 
Fig. 3.5 – Bohlin rheometer with parallel plates 
3.10.1  Viscosity and Flow Curve Measurements 
Flow curves are basic rheology characteristics of flow materials and are determined as the 
steady state properties of the materials. They express a relation between the 
instantaneous viscosity, 𝜂, and shear rate,  ̇, applied to the materials. The instantaneous 
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viscosity, 𝜂, is defined as a ratio between the shear stress, σ, and applied shear rate,   ̇, as 
follows; 
𝜂   
 
 ̇
                                                                                                                              (3.8) 
In the measurement, samples were initially pre-sheared at 0.1 s-1 for 60 s followed by a 
60-sec equilibration in order to obtain reproducible results. After which, the viscosity 
measurement was started at the shear rate values ranging from 0.1 to 100 s-1 for each 
sample, and this measurement was repeated at least three times by both increasing and 
decreasing shear rate sweeps. 
3.10.2  Yield Stress 
Yield stress is defined as the minimum stress required to initiate deformation in the 
material. This phenomenon can be explained by the following equations [30]; 
          ̇ if σ > σy                                                                                                                               (3.9) 
and 
 ̇     if σ ≤ σy                                                                                                                (3.10) 
With σ being the applied shear stress, σy the yield stress and     ̇ the function of shear 
rate,  ̇, satisfying f(0) = 0 and 
  
  ̇
 > 0. To determine the yield stress experimentally, sample 
were initially pre-sheared for 60 s followed by a 60-sec equilibration time before performing 
a stress sweep between 1 and 1000 Pa over a 100 s sweep time. This test was repeated 
at least three times for each sample in order to obtain an average value with a minimum 
error. During the test, the instantaneous viscosity of the samples gradually increased 
before it rapidly decreased as the shear stress increased. The stress at the maximum 
viscosity represents the yield stress. 
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3.10.3  Oscillation Test 
The oscillation test is non-destructive and is typically used to characterize the behaviour of 
a sample in the viscoelastic region. This test was conducted by applying sine oscillations 
of shear stress from 1 to 1000 Pa at a constant frequency of 2 Hz, and measuring the 
induced strain response. The delay of the response, called as a phase lag, is a measure of 
the sample‟s viscoelasticity. Samples were initially pre-sheared with the identical 
conditions employed in the steady-state test. This test is used to determine the linear 
viscoelastic region (LVR), where the sample structure remains unaltered irrespective of the 
applied shear stress [31].  
The applied stress, and resultant strain,  are expressed as, 
                                                                                                                           (3.11) 
                                                                                                                       (3.12) 
where o, , o,  and t are the stress amplitude, phase shift, maximum strain, angular 
velocity and time, respectively. The ratio of the applied stress to the maximum strain is 
called the complex modulus, G*, and is a measure of resistance to deformation [32]. It has 
been shown for solder paste, for example, that a higher G* value indicates a more elastic 
paste which may lead to reduced slump [33] (slump is characteristic of a tendency of a 
material to spread after printing. In the case of screen-printing, the behavior is recognized 
as ink bleeding around the edges of printed film). 
    
  
  
                                                                                                                        (3.13)            
The complex modulus can be resolved into elastic, G’, and viscous, G’’, moduli, defined as 
    
  
  
                                                                                                             (3.14) 
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                                                                                                     (3.15)                                                                     
 
G’ signifies the storage of energy as strain, recoverable in an elastic material, while G” 
describes the viscous dissipation of energy through permanent deformation [31]. The 
complex modulus and phase shift can be expressed as a function of elastic and viscous 
moduli as shown below, 
                                                                                                                           (3.16)                                                                                                                                      
        (
   
  
)                                                                                                          (3.17)                                                                                       
The phase shift for pure elastic and viscous materials is 0 and 90o, respectively. For 
viscoelastic materials the phase shift lies between 0 and 90o.   
3.10.4  Creep and Recovery Test 
The creep-recovery test is used to provide information on the structural properties of 
screen-printing inks at very low stress [34]. The test was used to identify the percentage of 
ink recovery after printing, and related to the tendency of the ink to slump. A high 
percentage of ink recovery may lead to a reduced number of print defects, as shown in 
solder paste studies [32, 35]. The test was performed by applying a constant stress, σ, 
during the creep period, with no stress applied during the recovery period.  The constant 
stress applied was identified from the linear viscoelastic region (LVR) of the stress sweep 
oscillation test. The resulting induced strain, , in the sample was recorded over time. The 
result of this test was measured as the compliance, J, which is defined as the ratio of the 
induced strain to the applied constant stress (system deformation per unit stress) as 
follows. 
   
 
 
                                                                                                                             (3.18) 
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Creep compliance, JC, was measured for a period of 120 s with a constant applied stress, 
followed by the measurement of recovery compliance, JR, for the same period after stress 
elimination. The measurement was repeated at least three times to obtain an average 
result. A typical output response from the test is illustrated in Fig. 3.6. Hence, the 
percentage of ink recovery is calculated according to the following expression; 
       
     
  
                                                                                                     (3.19) 
 
Fig. 3.6 – A typical diagram of the output response from a creep-recovery test 
3.11  ScSZ and YSZ Pellets Preparation 
All the ScSZ and YSZ pellets in this study were prepared by dry pressing 3.0 ± 0.05 g 
powder using a 1.25 in uniaxial die. A pressure of 0.7 tonne for 23 s was applied during 
the powder pressing step in order to obtain circular green pellets. After which, the green 
pellets were sintered using a chamber furnace (Lenton, 17/27E) at 1450 oC for 5 h with the 
heating and cooling rate of 5 oC/min. The sintered pellets were then polished using SiC 
abrasive sheets with a grit size of 120 followed by 600. After polishing, all the pellets were 
cleaned with water and dried at 110 oC for 15 min. 
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3.12  Anode Film Fabrication by Screen-Printing  
In this study, anode films were screen-printed onto ScSZ and YSZ pellets using a screen 
printer (SMTech 90 Series) as shown in Fig. 3.7. The films were fabricated according to 
the conditions shown in Table 3.3 and the geometry of the resultant films is demonstrated 
in Fig. 3.8.  
 
Fig. 3.7 – Screen printer, screen and squeegee used for anode film fabrication 
Table 3.3 – Screen-printing conditions 
Parameter Condition 
Print speed 0.02 m/s 
Squeegee type Polyurethane 
Squeegee load 6 kg 
Number of passes 2 
Squeegee length 5 in 
Screen mesh type 325 
Screen size 8 × 10 in
2
 
Snap off (print gap) 2 mm 
 
 
Screen 
Squeege
e 
Screen printer 
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Fig. 3.8 – Geometry of screen printed anode film 
3.13  Drying, Sintering and Reduction Conditions of Anode Films 
The wet printed anode films were initially dried at 120 oC for 10 min before sintering them 
in a chamber furnace (Lenton, 17/27E) at various temperatures ranging from 1250 to 1350 
oC for 1 h with the heating and cooling rate of 5 oC/min. In the reduction process, the 
sintered films were heated using a split furnace (Carbolite, TVS 12/-/600) from room 
temperature to 800 oC with the heating rate of 7.5 oC/min under dry nitrogen before 
switching to a mixture of wet hydrogen (10%) and wet nitrogen (90%) at 800 oC for 2 h. 
The gas mixture was humidified by bubbling through water at room temperature. After 
reduction, the system was cooled down to room temperature under the identical gas 
mixture at the rate of 7.5 oC/min.  
3.14  Carbon Deposition Evaluation 
The degradation of Ni/ScSZ and Ni/YSZ cermet anodes activity due to carbon deposition 
were studied using a conventional fixed bed reactor under atmospheric pressure as shown 
in Fig. 3.9. Firstly, the cermet powders were calcined at 1350 oC for 1 h and then sieved to 
a particle size of 125-150 m. Typically, 40 mg of unreacted cermet powder was placed on 
a piece of quartz wool in the 6 mm OD quartz tube reactor. The material was heated to 
700 °C at a rate of 10 °C/min using a vertical tube furnace (Lenton, LTF 14/50/180) in dry 
nitrogen. Prior to the steam reforming reaction, reduction of the material was carried out 
for 90 min, in a 2.5% H2O/H2/N2 mixture, with increasing concentrations of H2, from 5% to 
25%, over the reaction period. The gaseous mixture was then changed to the experimental 
   11.3 mm (Area = 1 cm2) 
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operating conditions of 10% CH4 and 8% H2O (N2 balance), and the steam reforming 
reaction was conducted for 1 h. During the reaction, the inlet gas line was kept warm using 
an external heater which was wrapped along the inlet line with the aim of preventing water 
vaporization in the inlet line. The total flow rate during heating, reduction and reaction was 
fixed at 100 ml/min. The complete system set up for the testing is presented in 3.10. 
The amount of deposited carbon (Wcarbon) on the anode materials was measured by 
weight difference of the samples before and after reaction (Winitial and Wfinal, respectively), 
taking into account the weight loss due to the reduction of NiO to Ni (ΔWreduction), according 
to the following equation; 
Wcarbon = Wfinal - (Winitial - ΔWreduction)                                 (3.20) 
 
Fig. 3.9 – Furnace and fixed bed reactor arrangement 
Thermocouple 
Quartz reactor 
Quartz wool 
Catalyst 
Furnace 
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Fig. 3.10 – System set up for carbon deposition testing 
3.15  DC 4-Point Electrical Conductivity Measurement 
The DC 4-point electrical conductivity of the reduced anode films was measured using the 
van der Pauw technique [36] from an in-house built apparatus as demonstrated in Fig. 
3.11. The symmetrical anode film was placed in the holder and spring loaded, with four 
small contact points made by 0.25 mm Pt wires (Birmingham Metals Ltd., UK) in order to 
meet the film as shown in the figure. The four contact points A-B-C-D were arranged in a 
square geometry of 5.5 x 5.5 mm2. In this technique, a constant current, I, was passed 
along one edge of the sample (e.g. IAB) and the voltage across the opposite edge (e.g. 
VCD) was measured. The identical method was then used to measure the voltage across 
the edges of AB, BC and DA by passing the constant current through the opposing pair. 
Based on Ohm‟s law, an average resistance, RA, can be calculated using the four 
measured values as follows; 
   
 
 
 (
   
   
 
   
   
 
   
   
 
   
   
)                                                                            (3.21) 
Hence, the DC conductivity, DC, was determined according to the following equation [36]; 
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                                                                                                                   (3.22) 
where l is the thickness of the anode film, which was determined by scanning electron 
microscopy (SEM). The measurement was conducted from room temperature to 1000 oC 
at 100 oC interval under a mixture of dry hydrogen (10%) and dry nitrogen (90%). The 
system with the sample was tightly fixed in a quartz tube without any leaking before 
placing it horizontally in a spilt furnace (Carbolite, TVS 12/-/600) under the flow of the gas 
mixture to start the measurement as shown in Fig 3.12. 
 
Fig. 3.11 – DC 4-point electrical conductivity measurement apparatus 
H2/N2 
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contact point 
Anode film 
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Fig. 3.12 – System set up for DC electrical conductivity measurement 
3.16  Electrochemical Impedance Spectroscopy Measurement 
Electrochemical impedance spectroscopy (EIS) is a technique employed to assess the 
characteristics of the electrode/electrolyte interface, and those of bulk materials, in solid 
oxide fuel cells (SOFCs). By this technique, the sources of polarization resistance in 
SOFCs resulting from activation (charge transfer) loss, ohmic loss and mass transport 
(diffusion) loss can be determined and correlated to performance. EIS is a time-varying 
resistance and is measured by monitoring the time-dependence current response to an 
applied voltage. The common approach for the technique is to measure impedance by 
applying a sinusoidal voltage signal V(t) = Vmsin(t) at a single frequency f = 2/ across 
the cell interface and measuring the phase shift and amplitude, or real and imaginary 
parts, of the resulting current I(t) = Imsin(t + ) at that frequency using either on analog 
circuit or fast Fourier Transform (FFT) analysis of the response [37]. The measurement 
can be repeated at a range of frequencies, from mHz to MHz, and the measured complex 
impedance Z = Z’ + jZ” results are plotted on a Nyquist plot in order to obtain a semicircle 
as illustrated in Fig. 3.13.  
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Fig. 3.13 – Nyquist plot of complex impedance [38] 
Here, Z’ = Re(Z) is the real part, Z” = Im(Z) is the imaginary part, |Z| = √        is the 
modulus and  = tan-1(Z”/Z’) is the phase angle of the impedance, respectively. Generally, 
the width of the real axis represents a resistance (e.g. charge transfer resistance, Rct) and 
the height of the imaginary axis represents a capacitance (e.g. double-layer capacitance, 
Cdl). 
3.16.1  Equivalent Circuit Modeling of EIS Data 
EIS data is commonly analyzed by fitting to an equivalent electrical circuit model with the 
combination of electrical elements such as resistors (Zresistor = R), capacitors (Zcapacitor = 
1/jC) and inductors (Zinductor = jL) with the assumption of a smooth electrode-electrolyte 
interface [37]. In a real system, however, the electrode-electrolyte interface is not smooth 
and uniform and this may lead to a complex analysis. In this case, the distributed 
impedance elements such as constant phase elements (CPEs) are recommended rather 
than pure capacitor in the equivalent circuit for the simplification of fitting process [37, 39]. 
The CPE can be expressed as ZCPE = 1/(jQ)
n, where n is a constant in the range of 0.5 to 
1. When n = 1, the value of Q is equivalent to a pure capacitance. 
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  In the equivalent circuit, resistors represent the bulk resistance of a material to charge 
transport such as the resistance of the electrolyte R to ion transport or the resistance of 
the electrode Rct to electron transport [40]. On the other hand, capacitors Cdl and inductors 
Li are associated with space-charge polarization regions, such as the electrochemical 
double-layer, and adsorption/desorption processes at the electrode, respectively [37, 40]. 
Fig. 3.14 presents an example of equivalent circuit model composed of resisters and a 
double-layer capacitor for a single semicircle shown by a Nyquist plot. Also the figure 
shows Bode plots which represent the impedance magnitude |Z| and phase angle  as a 
function of frequency f. It is important to note that in the case of SOFCs, the impedance 
data generally produces at least two semicircles as a result of various rate limiting 
processes, especially charge transfer and diffusion as reported by many studies [41-43]. 
Hence, the identical circuit fitting shown in Fig. 3.14 needs to be added for every additional 
circle for a complete analysis. 
 
Fig. 3.14 – Impedance plots for the indicated simple RC circuit where R= 0.01 , Rct = 
0.1  and Cdl = 0.02 F. For clarification, 3 frequencies (10
3, 102 and 101 Hz) are labeled in 
the Nyquist plot [40] 
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3.16.2  Apparatus and System Set Up for EIS Mesurement 
Electrochemical impedance spectroscopy (EIS) measurement was performed on anode 
symmetrical cells (1 cm2) of Ni-ScSZ/YSZ/Ni-ScSZ and Ni-ScSZ/ScSZ/Ni-ScSZ in the 
temperature range of 600 to 800 oC under a 97%H2–3%H2O and 49%H2–48%N2–3%H2O 
gas atmosphere, respectively. All the gasses were humidified through a water bubbler at 
room temperature in this study. The data acquired from the impedance testing were 
analyzed using ZView-Software. The test was carried out in potentiostatic mode using an 
Autolab PGSTAT30 coupled with a frequency response analyser (FRA) (Autolab, 
EcoChemie, Netherlands) over the frequency range of 0.01 Hz to 0.1 MHz (50-70 points) 
under a low amplitude sinusoidal voltage (10 mV). The low amplitude voltage is generally 
used in order to operate within a linear region in the cell response [37]. 
 The electrochemical measurement was performed using the in-house built apparatus 
shown in Fig. 3.15. The anode symmetrical cell was placed between two Pt mesh current 
collectors (Birmingham Metals Ltd., UK) welded to Pt wires (Birmingham Metals Ltd., UK), 
and put into compression using the spring loaded pellet holder as shown in the figure. Pt 
mesh was chosen as a current collector instead of Pt paste with the aim of improving gas 
flow to the anode surface. The operating temperature during the EIS measurement was 
monitored using a K-type thermocouple fixed close to the cell. The system with the sample 
was tightly fixed in a quartz tube without any leakage and placed horizontally in a spilt 
furnace (Carbolite, TVS 12/-/600) under the flow of required gas mixture as shown in Fig 
3.16. The combined sense and working electrode (S + W) and the combined reference 
and counter electrode (R + C) were separately connected to the currents collectors before 
starting the measurement at the required temperature. 
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Fig. 3.15 – EIS measurement apparatus 
 
Fig. 3.16 – System set up for EIS measurement 
Pt mesh and wire 
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Alumina tube 
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H2/N2/H2O 
H2/N2/H2O 
Symmetrical cell 
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3.17  Measurement of Mechanical Hardness of Anode Films 
Indentation hardness is a commonly used technique to characterize the mechanical 
properties of materials. In this study, the mechanical hardness of green, sintered and 
reduced anode films were measured using an instrumented micro-indenter (MHT, CSM 
Instruments, Peseux, Switzerland). The hardness of green films was measured using a 
cono-spherical diamond indenter with a tip radius R of 195.3 m while the hardness of 
sintered and reduced films were tested using a Vickers diamond indenter, respectively. A 
loading force of 300 mN was applied in the case of green films in order to maintain a 
spherical-type indentation; however, in the case of sintered and reduced films, the 
hardness was measured using a range of loading forces from 400 to 700 mN during the 
indentation process. Measurements were taken from two films and an average value of 
hardness was calculated from between 20 and 30 valid indentations for each case. Fig. 
3.17 shows the geometry of the Vickers and cono-spherical diamond indenters used in this 
study. The depth of indentation is represented by h in both cases of the indenters. 
  
Fig. 3.17 – Geometry of (a) Vickers [44] and (b) cono-spherical [45] diamond indenters 
 In general, the hardness of a sample is measured from indentation load-displacement 
data obtaned during one cycle of loading and unloading process as illustated in Fig. 3.18. 
(a) (b) 
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A typical plot of load against indenter displacement for the indentation test is presented in 
Fig. 3.19.  
 
Fig. 3.18 – A schematic representation of indentation proces [46, 47] 
 
Fig. 3.19 – A typical plot of indentation load-displacement data [46, 47] 
At any time during the loading, the total displacement h is written as [46];  
h = hs + hc                                                                                                                      (3.23) 
where hs and hc are given by; 
    
    
 
                                                                                                                   (3.24) 
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                                                                                                     (3.25) 
with є in the range of 0 < є   and є = 0.75 for a spherical tip indenter [47, 48]. hc is the 
vertical distance along which contact is made and hs is the displacement of the surface at 
the perimeter of the contact. At peak load, the load and displacement are Pmax and hmax, 
respectively. Upon unloading, the elastic displacements are recovered, and when the 
indenter is fully withdrawn, the final depth of the residual hardness impression is hf [46]. 
The elastic unloading stiffness, S = dP/dh, is defined as the slope of the upper portion of 
the unloading curve during the initial stages of unloading [46]. In general, the hardness H 
is estimated from; 
   
    
 
                                                                                                                      (3.26) 
with A is the contact area and is a function of hc, A = F(hc). In the case of Vickers diamond 
indenter A is defined as follows [44]; 
   
  
          ⁄  
                                                                                                           (3.27) 
where d represents the average length of the diaogonal left by the indenter. However, the 
contact area in the case of spherical indenter is calculated based on the following equation 
[45]; 
           
                                                                                                             (3.28) 
3.18  Summary 
This chapter discussed the various experimental methods used in sample preparation and 
performance measurement. The planetary ball mill was used to mix the starting powders of 
10Sc1CeSZ, 10ScSZ, 8YSZ and NiO to produce composite anode powders of 
NiO/10Sc1CeSZ, NiO/10ScSZ and NiO/8YSZ, respectively. The CHFS method was used 
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to synthesize nanoparticle powders of NiO and 8YSZ before mixing them via the planetary 
ball mill. The particle size distribution of micro-sized and nano-sized powders was 
measured by a laser diffraction technique (Zetasizer Nano, Malvern Instruments and 
Coulter, LS230) while the BET surface of the powders was measured by an ASAP 2420 
(Micromeritics Co. Ltd.). In the case of microstructure characterization, scanning electron 
microscopy (JEOL 6400 SEM) and (JEOL JSM-5610LV SEM) were employed to 
determine the composition of starting powders and morphology of anode films, 
respectively. The morphology and crystalline phases of the powders were investigated 
using a transmission electron microscopy (TEM, JEOL JEM-2010) and X-ray 
diffractometer (XRD, Philips PW1729 Series), respectively. Anode inks were prepared 
using a triple roll mill (EXAKT 80E, Germany) and the rheological properties of these inks 
were studied using a rheometer (Bohlin, Malvern Instruments, UK).  The screen-printer 
setting parameters and the geometry of the anode films were also described in detail. 
Furthermore, the system set up for carbon deposition experiment using cermet powders 
including the fixed bed reactor set up was clearly presented. The anode performance such 
the DC 4-point electrical conductivity and electrochemical impedance spectroscopy (EIS) 
were collected using the van der Pauw and symmetrical cell techniques, respectively, from 
in-house built apparatus. Finally, the mechanical hardness of the anode films was 
measured by an instrumented micro-indenter (MHT, CSM Instruments, Peseux, 
Switzerland). 
References 
[1] H.-y. Fang, J.-g. Cheng, J.-f. Yang, Q.-m. Jiang, and J. Li, "Characterization and preparation of 
NiO/Ce0.8Sm0.2O1.9 powders by a citric acid-nitrate combustion method," in Proceedings of the 7th 
National Conference on Chinese Functional Materials and Applications, 2011, pp. 1471-1475. 
[2] L. da Conceicao, A. M. Silva, N. F. P. Ribeiro, and M. M. V. M. Souza, "Combustion synthesis of 
La0.7Sr0.3Co0.5Fe0.5O3 (LSCF) porous materials for application as cathode in IT-SOFC," Materials 
Research Bulletin, vol. 46, pp. 308-314, Feb 2011. 
138 
[3] V. V. Lakshmi, R. Bauri, and S. Paul, "Effect of fuel type on microstructure and electrical property of 
combustion synthesized nanocrystalline scandia stabilized zirconia," Materials Chemistry and 
Physics, vol. 126, pp. 741-746, Apr 15 2011. 
[4] C. Yang, J. Cheng, H. He, and J. Gao, "Ni/SDC materials for solid oxide fuel cell anode applications 
by the glycine-nitrate method," in High-Performance Ceramics Vi. vol. 434-435, 2011, pp. 731-734. 
[5] R. Tian, F. Zhao, F. Chen, and C. Xia, "Sintering of Samarium-doped ceria powders prepared by a 
glycine-nitrate process," Solid State Ionics, vol. 192, pp. 580-583, Jun 16 2011. 
[6] N. Chaubey and M. C. Chattopadhyaya, "A study on ultrafine powders of gadolinia doped ceria 
prepared by gel-combustion method," Journal of the Indian Chemical Society, vol. 88, pp. 217-224, 
Feb 2011. 
[7] M. Marinsek, K. Zupan, and J. Maeek, "Ni-YSZ cermet anodes prepared by citrate/nitrate 
combustion synthesis," Journal of Power Sources, vol. 106, pp. 178-188, Apr 1 2002. 
[8] Q. Wang, R. Peng, C. Xia, W. Zhu, and H. Wang, "Characteristics of YSZ synthesized with a glycine-
nitrate process," Ceramics International, vol. 34, pp. 1773-1778, Sep 2008. 
[9] C. Ding, H. Lin, K. Sato, and T. Hashida, "Co-precipitation synthesis and characterization of NiO-
Ce0.8Sm0.2O1.9 nanocomposite powders: Effect of precipitation agents," Journal of Nanoscience and 
Nanotechnology, vol. 11, pp. 2336-2343, Mar 2011. 
[10] M.-F. Han, S. Zhou, Z. Liu, Z. Lei, and Z.-C. Kang, "Fabrication, sintering and electrical properties of 
cobalt oxide doped Gd0.1Ce0.9O2-," Solid State Ionics, vol. 192, pp. 181-184, Jun 16 2011. 
[11] A. Moure, J. Tartaj, and C. Moure, "Synthesis, sintering and electrical properties of gadolinia- calcia-
doped ceria," Materials Letters, vol. 65, pp. 89-91, Jan 15 2011. 
[12] K. M. Papazisi, S. Balomenou, and D. Tsiplakides, "Synthesis and characterization of 
La0.75Sr0.25Cr0.9M0.1O3 perovskites as anodes for CO-fuelled solid oxide fuel cells," Journal of Applied 
Electrochemistry, vol. 40, pp. 1875-1881, Oct 2011. 
[13] W. Zhao, S. An, and L. Ma, "Processing and characterization of Bi2O3 and Sm2O3 co-doped CeO2 
electrolyte for intermediate-temperature solid oxide fuel cell," Journal of the American Ceramic 
Society, vol. 94, pp. 1496-1502, May 2011. 
[14] K. Haberko, M. Jasinski, P. Pasierb, M. Radecka, and M. Rekas, "Structural and electrical properties 
of Ni-YSZ cermet materials," Journal of Power Sources, vol. 195, pp. 5527-5533, Sep 1 2010. 
[15] H. Wei, Y. Zeng, L. Wang, T. Cai, and X. Sun, "Preparation of SmxCe1-xO2 (SDC) electrolyte film with 
gradient structure via a gas-phase controlling convection-diffusion approach on porous substrate," 
Advances in Colloid and Interface Science, vol. 161, pp. 181-194, Dec 15 2010. 
[16] E. C. Grzebielucka, A. S. Antonio Chinelatto, S. M. Tebcherani, and A. L. Chinelatto, "Synthesis and 
sintering of Y2O3-doped ZrO2 powders using two Pechini-type gel routes," Ceramics International, 
vol. 36, pp. 1737-1742, Jul 2010. 
[17] C. Suciu, A. C. Hoffmann, E. Dorolti, and R. Tetean, "NiO/YSZ nanoparticles obtained by new sol-
gel route," Chemical Engineering Journal, vol. 140, pp. 586-592, Jul 1 2008. 
[18] P. Lenormand, M. Rieu, R. F. Cienfuegos P, A. Julbe, S. Castillo, and F. Ansart, "Potentialities of the 
sol-gel route to develop cathode and electrolyte thick layers Application to SOFC systems," Surface 
& Coatings Technology, vol. 203, pp. 901-904, Dec 25 2008. 
[19] Y. W. Zhang, A. Li, Z. G. Yan, G. Xu, C. S. Liao, and C. H. Yan, "(ZrO2)0.85(REO1.5)0.15 (RE = Sc, Y) 
solid solutions prepared via three Pechini-type gel routes: 1 - gel formation and calcination 
behaviors," Journal of Solid State Chemistry, vol. 171, pp. 434-438, Feb 15 2003. 
139 
[20] Y. W. Zhang, A. Li, Z. G. Yan, G. Xu, C. S. Liao, and C. H. Yan, "(ZrO2)0.85(REO1.5)0.15 (RE = Sc, Y) 
solid solutions prepared via three Pechini-type gel routes: 2 - sintering and electrical properties," 
Journal of Solid State Chemistry, vol. 171, pp. 439-443, Feb 15 2003. 
[21] X. Xin, Z. Lu, Z. Ding, X. Huang, Z. Liu, X. Sha, Y. Zhang, and W. Su, "Synthesis and characteristics 
of nanocrystalline YSZ by homogeneous precipitation and its electrical properties," Journal of Alloys 
and Compounds, vol. 425, pp. 69-75, Nov 30 2006. 
[22] P. Boldrin, "Synthesis and characterisation of nanomaterial catalysts made using continuous 
hydrothermal flow reactors” in School of Engineering and Materials Science. vol. Ph.D London: 
Queen Mary, University of London, 2008. 
[23] P. Boldrin, A. K. Hebb, A. A. Chaudhry, L. Otley, B. Thiebaut, P. Bishop, and J. A. Darr, "Direct 
synthesis of nano-sized NiCo2O4 spinel and related compounds via continuous hydrothermal 
synthesis methods," Industrial & Engineering Chemistry Research, vol. 46, pp. 4830-4838, 
2011/09/28 2007. 
[24] T. Adschiri, K. Kanazawa, and K. Arai, "Rapid and continuous hydrothermal crystallization of metal 
oxide particles in supercritical water," Journal of the American Ceramic Society, vol. 75, pp. 1019-
1022, 1992. 
[25] E. Lester, P. Blood, J. Denyer, D. Giddings, B. Azzopardi, and M. Poliakoff, "Reaction engineering: 
The supercritical water hydrothermal synthesis of nano-particles," Journal of Supercritical Fluids, vol. 
37, pp. 209-214, Apr 2006. 
[26] J. S. Reed, Principles of ceramics processing: Wiley & Sons, 1995. 
[27] B. D. Cullity, "Elements of X-Ray Diffraction” Massachusetts: Addison-Wesley publishing company, 
Inc., 1956, p. 531. 
[28] S. Amelinckx, D. V. Dyck, J. V. Landuyt, and G. V. Tendeloo, "Electron microscopy: Principles and 
fundamentals,” Weinheim, Germany: Wiley-VCH, 1997, p. 527. 
[29] B. Fultz and J. M. Howe, Transmission electron microscopy and diffractometry of materials, 2nd ed. 
New York: Springer, 2002. 
[30] P. C. F. Moller, J. Mewis, and D. Bonn, "Yield stress and thixotropy: on the difficulty of measuring 
yield stresses in practice," Soft Matter, vol. 2, pp. 274-283, 2006. 
[31] S. Mallik, M. Schmidt, R. Bauer, and N. N. Ekere, "Influence of solder paste components on 
rheological behaviour," Estc 2008: 2nd Electronics System-Integration Technology Conference, Vols 
1 and 2, Proceedings, pp. 1135-1140, 2008. 
[32] R. Durairaj, S. Ramesh, S. Mallik, A. Seman, and N. Ekere, "Rheological characterisation and 
printing performance of Sn/Ag/Cu solder pastes," Materials & Design, vol. 30, pp. 3812-3818, 2009. 
[33] X. H. Bao, N. C. Lee, R. B. Raj, K. P. Rangan, and A. Maria, "Engineering solder paste performance 
through controlled stress rheology analysis," Soldering & Surface Mount Technology, vol. 10, pp. 26-
+, 1998. 
[34] J. W. Phair, M. Lundberg, and A. Kaiser, "Leveling and thixotropic characteristics of concentrated 
zirconia inks for screen-printing," Rheologica Acta, vol. 48, pp. 121-133, 2009. 
[35] R. Durairaj, S. Mallik, A. Seman, A. Marks, and N. N. Ekere, "Rheological characterisation of solder 
pastes and isotropic conductive adhesives used for flip-chip assembly," Journal of Materials 
Processing Technology, vol. 209, pp. 3923-3930, 2009. 
[36] L. J. v. d. Pauw, "A method of measuring specific resistivity and Hall Effect of discs of arbitrary 
shape,” 1958. 
[37] E. Barsoukov and J. R. Macdonald, "Impedance spectroscopy: Theory, experiment, and 
applications," 2nd ed Hoboken, New Jersey: John Wiley & Sons, Inc., 2005, p. 606. 
140 
[38] "Gamry Instruments Technical Paper," in Electrochemical Impedance Spectroscopy Primer: Gamry 
Instruments, p. 29. 
[39] M. E. Orezem and B. Tribollet, Electrochemical Impedance Spectroscopy, 1st ed. Hoboken, New 
Jersey: Wiley-Interscience, 2008. 
[40] "Scribner Associates Technical Paper," in electrochemical impedance spectroscopy (EIS): A 
powerful and cost-effective tool for fuel cell diagnostics: Scribner Associates, p. 5. 
[41] S. P. Jiang, "A comparative study of fabrication and performance of Ni/3 mol % Y2O3-ZrO2 and Ni/8 
mol% Y2O3-ZrO2 cermet electrodes," Journal of the Electrochemical Society, vol. 150, pp. E548-
E559, 2003. 
[42] A. Ringuede, D. Bronine, and J. R. Frade, "Ni1-xCox/YSZ cermet anodes for solid oxide fuel cells," 
Electrochimica Acta, vol. 48, pp. 437-442, 2002. 
[43] B. Rosch, H. Y. Tu, A. O. Stormer, A. C. Muller, and U. Stimming, "Electrochemical characterization 
of Ni-Ce0.9Gd0.1O2- for SOFC anodes," Solid State Ionics, vol. 175, pp. 113-117, Nov 30 2004. 
[44] H. Kuhn and D. Medlin, "Mechanical testing and evaluation," in ASM handbook. vol. 8: ASM 
International, 2000. 
[45] B. Mesa, "Spherical and cono nano indenters,” Huntsville, USA: Micro Star Technologies Inc., p. 24. 
[46] W. C. Oliver and G. M. Pharr, "An improved technique for determining hardness and elastic modulus 
using load and displacement sensing indentation experiments," Journal of Materials Research, vol. 
7, pp. 1564-1583, Jun 1992. 
[47] W. C. Oliver and G. M. Pharr, "Measurement of hardness and elastic modulus by instrumented 
indentation: Advances in understanding and refinements to methodology," Journal of Materials 
Research, vol. 19, pp. 3-20, Jan 2004. 
[48] P. Jiang, T. Zhang, and R. Yang, "Experimental verification for an instrumented spherical indentation 
technique in determining mechanical properties of metallic materials," Journal of Materials Research, 
vol. 26, pp. 1414-1420, Jun 2011. 
 
 
 141 
CHAPTER 4.        
Fabrication and Characterization of Ni/ScSZ 
Cermet Anodes for IT-SOFCs  
 
4.1  Introduction 
Research is increasingly focused on reducing the operating temperature of SOFCs to 
below 700 oC in order to reduce various problems such metal corrosion, electrode 
sintering, and unwanted interfacial diffusion [1-3]. In this regard, cermets such as 
nickel/samarium-doped-ceria (Ni/SDC) [1, 4, 5] and nickel/gadolinium-doped-ceria 
(Ni/CGO) [6-8] have been investigated for use in intermediate temperature SOFCs (IT-
SOFCs).  However, less attention has been given to nickel/scandia-stabilized-zirconia 
(Ni/ScSZ) cermet anodes as alternative anodes for IT-SOFCs, where the increased ionic 
conductivity of the ScSZ may offer improved electrochemical activity in the Ni/ScSZ 
anodes, especially at lower temperatures (< 800 oC). As discussed previously, Ni/ScSZ 
anodes also showed improved tolerance towards carbon deposition and sulphur poisoning 
when compared to Ni/YSZ anodes. In this regard, this type of anodes can be considered 
as a potential anode for application in hydrocarbon fuel environments which contain the 
impurities such as sulphur.  
As described in Chapter 2, the triple phase boundary (TPB) density of an anode 
depends on various factors including the particle size and distribution of anode composite 
powder, anode composition and fabrication conditions. The enhanced control of fabrication 
conditions may result in improved anode performance through the optimization of the TPB 
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distribution as suggested by many studies [9-11]. However, there have to date been 
limited studies which seek to determine the influence of the materials used and their 
processing conditions on the properties and performance of Ni/ScSZ anodes.  Thus, this 
study focuses on understanding these important characteristics to determine the optimum 
fabrication conditions and anode composition, relating these to anode properties such as 
electrical conductivity, porosity and electrode polarization resistance. Both Ni/10ScSZ 
(Ni/10mol%ScO2-90mol%ZrO2) and Ni/10Sc1CeSZ (Ni/10mol%ScO2-1mol%CeO2-
89mol%ZrO2) cermet anode films were studied. 
4.2  Experimental Procedure 
4.2.1  Preparation of NiO/10Sc1CeSZ and NiO/10ScSZ Composite Materials Using 
Commercial Powders 
In this study, NiO/10 mol% Sc2O3- ZrO2 (NiO/10ScSZ) and NiO/10 mol% Sc2O3- 1 mol% 
CeO2-ZrO2 (NiO/10Sc1CeSZ) powders were prepared by mixing NiO powder (NexTech 
Materials, Ltd., USA) with 10ScSZ (NexTech Materials, Ltd., USA) and 10Sc1CeSZ 
(NexTech Materials, Ltd., USA) powders, respectively. The Ni/10ScSZ and Ni/10Sc1CeSZ 
composites with 10 to 60 vol% of Ni content were prepared by mixing the as-received 
commercial powders of NiO, 10ScSZ and 10Sc1CeSZ. All the anode composite powders 
were thoroughly mixed using a planetary ball mill (Retsch PM 100, Germany) with ethanol 
for 3 h. The ball milling media consisted of ZrO2 (Tosoh Co., Japan) balls (5mm in 
diameter) and a zirconia bowl (250 cm3). The ball-to-powder weight ratio was 5 to 1 and 
the rotation speed was 250 rpm. After milling, the wet ball-milled powders were dried in an 
oven at 90 oC for 24 h.  
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4.2.2  Characterization 
BET surface area, SBET was measured by nitrogen physisorption at -195.5 
oC, using an 
ASAP 2420 (Micromeritics Co. Ltd.). The powders were accurately weighed and degassed 
at 110 C for 10 h prior to BET analysis. Average particle size (DBET) was estimated with 
the specific surface area (SBET) according to DBET = 6/SBET, where  is the theoretical 
density of powder calculated by the equation  = ZM/NAV, with Z, M, NA and V represent 
the number of formula units in the unit cell, the formula weight, Avogadro’s number and 
unit cell volume, respectively. Particle sizes and distributions of powders were measured 
by a laser scattering technique (Coulter, LS230), using deionized water as a dispersant.       
      The morphology of anode films was characterized by scanning electron microscopy 
(JEOL JSM-5610LV SEM) with the accelerating voltage of 20 kV and samples were gold 
coated prior to the analysis. However, the elemental analyses of the powders were 
determined by a scanning electron microscope (JEOL 6400) fitted with an Oxford 
Instruments INCA energy dispersive analytical system (EDS). The morphology and particle 
size of the powders were determined by transmission electron microscopy (TEM, JEOL 
JEM-2010). The crystalline phases of the powders were examined by X-ray diffraction 
(XRD, Philips PW1729 Series), using Cu K radiation ( = 0.15418 nm) with an operating 
voltage and current of 40 kV and 40 mA, respectively. The scanning range was varied 
between 20 and 80° with a step size of 0.02o and a counting rate of 1 s per scanning step. 
Structure refinement was performed according to the CELREF software, while the surface 
porosity of reduced samples was determined using the ImageJ software. 
4.2.3  Cermet Anode Ink Preparation 
Table 4.1 shows the basic ingredients that were used in the preparation of Ni/10ScSZ and 
Ni/10Sc1CeSZ screen printing inks. The solid loading of the cermet powders was 75 wt% 
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of the final inks, which contained 2.5 mg/m2 dispersant calculated based on the specific 
surface area of the cermet powders. The amount of binder used in this preparation was 3 
wt% of the cermet powder. The mixture was homogenized using a triple roll mill (EXAKT 
80E, Germany). 
Table 4.1 – Materials used for preparation of Ni/10ScSZ and Ni/10Sc1CeSZ screen 
printing inks 
Function Additive 
Dispersant Hypermer KD15  
Binder Ethylcelulose N7 grade 
Solvent Terpineol 
 
4.2.4  DC Electrical Conductivity and AC Impedance Measurement 
The DC electrical conductivity of the Ni/ScSZ cermet anodes was measured after reducing 
the anodes under a mixture of hydrogen (10%) and nitrogen (90%) after humidifying the 
mixture at room temperature. In this study, the reduction process was carried out at 800 oC 
for 2 h. The DC 4-point electrical conductivity data was collected using a 4-point van der 
Pauw technique connected to an AUTOLAB PGSTAT30 fitted with a General Purpose 
Electrochemical System (GPES) (Autolab, EcoChemie, Netherlands). All the 
measurements were performed over the temperature range 300 to 1000 oC under a 
mixture of dry hydrogen (10%) and dry nitrogen (90%).  
AC impedance measurements were carried out using an Autolab PGSTAT30 coupled 
with a frequency response analyser (FRA) (Autolab, EcoChemie, Netherlands) over the 
frequency range of 0.01 Hz to 0.1 MHz with a 10 mV applied voltage amplitude. The 
measurement was performed using symmetrical cells (1 cm2) of Ni-10ScSZ/8YSZ/Ni-
10ScSZ and Ni-10Sc1CeSZ/8YSZ/Ni-10Sc1CeSZ in the temperature range of 600 to 800 
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oC under a 97%H2–3%H2O and 49%H2–48N2–3%H2O gas atmosphere, respectively. The 
data acquired from the impedance testing were analyzed using ZView-Software. 
4.2.5  Evaluation of Carbon Deposition 
In order to test the carbon deposition characteristics of nickel oxide materials due to steam 
reforming of methane, a conventional fixed bed flow reactor under atmospheric pressure 
was used.  
The cermet materials used in this study were Ni/10Sc1CeSZ, Ni/10ScSZ and 
Ni/8YSZ. All these samples contain 40 vol% Ni and were prepared by mechanically mixing 
NiO with 10Sc1CeSZ, 10ScSZ and 8YSZ powders, respectively, followed by calcination at 
1300 oC for 1 h. The calcined powder was then sieved to a particle size of 125-150 µm. 
Typically, 40 mg of unreacted material was placed on a piece of quartz wool in the 6 
mm OD quartz tube reactor. The material was heated to 700 °C at a rate of 10 °C/min in 
dry nitrogen. Prior to the steam reforming reaction, reduction of the material was carried 
out for 90 min, in a 2.5% H2O/H2/N2 mixture, with increasing concentrations of H2, from 5 
to 25%, over the reaction period. The gaseous mixture was then changed to the 
experimental operating conditions of 10% CH4 and 8% H2O (N2 balance), and the steam 
reforming reaction was conducted during 1 h. The total flow rate during heating, reduction 
and reaction was fixed at 100 ml (STP)/min.  
The amount of deposited carbon (Wcarbon) on the anode materials was measured by 
weight difference of the samples before and after reaction (Winitial and Wfinal, respectively), 
taking into account the weight loss due to the reduction of NiO to Ni (ΔWreduction), according 
to the following equation. 
Wcarbon = Wfinal - (Winitial - ΔWreduction)                         (4.1) 
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Furthermore, reduction measurements in a thermogravimetric analyzer (Pyris 1 TGA, 
PerkinElmer) were performed (see Fig. 4.1), which confirmed that the experimental weight 
loss of the samples due to reduction under hydrogen is in agreement with the theoretical 
one (88%), considering complete reduction of NiO to Ni.  
 
Fig. 4.1 – Reduction profile (weight loss against time of reaction) of cermet materials 
4.3  Results and Discussion 
4.3.1  Characterization of Starting Powders 
Fig. 4.2 (a-c) displays TEM micrographs of NiO, 10Sc1CeSZ and 10ScSZ NexTech 
powders. These show that the NiO, 10Sc1CeSZ and 10ScSZ powders have mean particle 
sizes (DTEM) around 278 ± 42,  7 ± 1 and 9 ± 1 nm, corresponding to specific surface areas 
of 3.1, 11.5 and 8.9 m2/g, respectively. However, the calculated DBET average particle 
sizes of NiO, 10Sc1CeSZ and 10ScSZ powders were 290 ± 16, 88 ± 2  and 114 ± 3  nm. 
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This difference, most notable for the two forms of ScSZ powder, reflects the agglomeration 
of these particles, shown in Fig. 4.2.  
          
Fig. 4.2 – TEM micrographs of (a) NiO, (b) 10Sc1CeSZ and (c) 10ScSZ 
 Generally, a decrease in the specific surface area of a powder reflects an increase in 
average particle size. However, the particle size distributions of NiO, 10Sc1CeSZ and 
10ScSZ powders reveal an inconsistent result in comparison to their specific surface 
areas, as shown in Fig. 4.3. This is attributed to the agglomeration of particles of NiO, 
10Sc1CeSZ and 10ScSZ which increases the average particle size of the powders up to 
sub-micron size. The distribution from this figure shows that the NiO powder is finer than 
10Sc1CeSZ and 10ScSZ powders, which means that the agglomeration of particles of 
10Sc1CeSZ and 10ScSZ powders is significantly higher, resulting in a larger particle size 
compared to NiO.  The particle size distributions also show that all the starting powders 
have a broad and bimodal particle size distribution. The NiO powder is composed of fine 
particles and a small fraction of coarse particles of more than 1 m. On the other hand, the 
primary particles of 10Sc1CeSZ and 10ScSZ powders are coarse with the particle size 
ranging from 1 to 15 m, in addition to a small fraction of fine particles of less than 1 m. 
The average particle sizes of NiO, 10Sc1CeSZ and 10ScSZ powders are 0.52, 3.79 and 
3.67 m, respectively while the average particle sizes of NiO/10ScSZ and 
(b) (c) (a) 
10 nm 10 nm 0.2 m 
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NiO/10Sc1CeSZ cermet powders with 10 to 60 vol% Ni are in the range of 3.0-3.5 m and 
3.1-3.7 m, respectively. 
 
Fig. 4.3 – Particle size distribution of NiO, 10Sc1CeSZ, 10ScSZ, 40Ni/60ScCeSZ and 
40Ni/60ScSZ powders 
 Fig. 4.4 shows XRD patterns for 10Sc1CeSZ and 10ScSZ powders. As shown in Fig. 
4.4 (a-b), 10Sc1CeSZ exhibits a cubic single phase (space group Fm-3m) while 10ScSZ 
exhibits a tetragonal phase (space group P42/nmc) at room temperature. The lattice 
parameter of 10Sc1CeSZ is a = 5.0906 Å, in good agreement with other literature values 
(5.0899 Å) [12] and (5.0900 Å) [13]. In the case of 10ScSZ, the lattice parameters are a = 
3.5873 Å, b = 3.5873 Å and c = 5.1441 Å, similar to the lattice parameters reported by  
Fujimori et al. [13] (a = 3.5956 Å, b = 3.5956 Å and c = 5.1394 Å). This result indicates that 
the substitution of 1 mol% zirconia by CeO2 into 10ScSZ sucessfully stabilized the cubic 
phase in 10Sc1CeSZ at room temperature. 
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Fig. 4.4 – XRD patterns of (a) 10ScSZ and (b) 10Sc1CeSZ 
 The elemental analysis and composition of the NexTech powders are presented in 
Table 4.2. In accordance with these results, the calculated theoretical densities of NiO, 
10Sc1CeSZ and 10ScSZ powders are 6.742, 5.954 and 5.852 g/cm3, respectively, and 
comparable with the results reported by the PDF#00-047-1049 for NiO (6.81 g/cm3), Ray 
[14] for 10Sc1CeSZ (5.74 g/cm3) and Barker et al. [15] for 10ScSZ (5.71 g/cm3). Further 
information of the measured elemetal analysis results and the density calculation can be 
found in APPENDIX A.  
 Fig. 4.5 shows the BET specific surface areas of anode cermet powders of 
NiO/10ScSZ and NiO/10Sc1CeSZ as a function of Ni content and their measured 
parameters by nitrogen physisorption can be found in APPENDIX B. As can be seen from 
the figure, the specific surface areas steadily decrease as the Ni content increases, 
reflecting the lower specific surface area of the NiO powder. 
(b) 10Sc1CeSZ 
(a) 10ScSZ 
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Table 4.2 – Composition of NiO, 10Sc1CeSZ and 10ScSZ NexTech powders 
Oxide  
Metal 
NiO  
(mol%) 
10Sc1CeSZ  
(mol%) 
10ScSZ  
(mol%) 
ZrO2 - 10.34 10.39 
Sc2O3 - 88.29 89.35 
CeO2 - 1.17  - 
HfO2 - 0.21 0.26 
NiO 100 - - 
Fe2O3 - - - 
 
 
Fig. 4.5 – BET specific surface areas of anode cermet powders of NiO/10ScSZ and 
NiO/10Sc1CeSZ as a function of Ni content 
4.3.2  Electrical Conductivity of Ni/10Sc1CeSZ and Ni/10ScSZ Anode Films 
The electrical conductivities of the Ni/10Sc1CeSZ and Ni/10ScSZ anode films (thickness 
approx. 30 m) measured at 700 oC under a mixture of 10% H2 and 90% N2 are plotted in 
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Figs. 4.6 (a) and (b), respectively, as a function of Ni content and sinter temperature. All 
the cermet films were sintered at a fixed time of 1 h. A series of “S-shaped” curves, each 
corresponding to a particular sinter temperature, was obtained, as predicted by percolation 
theory [16]. All these plots exhibit a rapid change in conductivity around 30 vol% Ni. A 
similar change around 30 vol% Ni for Ni/8YSZ cermets has been reported by several 
studies [16-18]. This rapid change is attributed to a change from ionic conduction to 
electronic conduction as the percolation of the nickel phase reaches a critical value (e.g. > 
30 vol %). However, the percolation threshold can be significantly reduced through the 
manipulation of the distribution, which is determined by the shape and the particle size of 
NiO, 10Sc1CeSZ and 10ScSZ powders. For example, Huebner et al. [18] have suggested 
that for Ni/8YSZ cermet anodes, the percolation threshold for the Ni phase decreases as 
the particle size of NiO powder is reduced and the particle size of 8YSZ powder is 
increased. In this study, the effective particle size of NiO is smaller than the particle sizes 
of 10Sc1CeSZ and 10ScSZ, as shown in Fig. 4.3. As expected, the conductivity also 
significantly increases as the sinter temperature increases from 1250 to 1350 oC, due to 
an increase in sample density, and consequently improved Ni-Ni contact. 
 Figs. 4.7 (a) and (b) show the temperature dependence of electrical conductivity of the 
Ni/10Sc1CeSZ and Ni/10ScSZ anodes prepared with 30 to 60 vol% Ni content, and 
sintered at 1350 oC for 1 h. These plots show a positive slope indicating the predominance 
of metallic conductivity, and similar results have been reported for Ni/8YSZ cermet anodes 
[17]. An acceptable electrical conductivity (> 300 S/cm) at 700 oC of these types of 
cermet films is obtained with at least 40 vol% Ni, as shown in Figs. 4.6 and 4.7. Also, the 
coefficient of thermal expansion (CTE) is expected to lie within an acceptable range, as 
several studies [17, 18] have suggested that 40 vol% Ni in Ni/8YSZ cermets is a tolerable 
upper limit from a CTE perspective, given that the CTE of 8YSZ (10.5 x 10-6 K-1) [3, 19] 
and 8 to11ScSZ (10.0-10.7 x 10-6 K-1) [19] are very close to each other.        
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Fig. 4.6 – Variation of electrical conductivity of (a) Ni/10Sc1CeSZ and (b) Ni/10ScSZ 
anode films measured at 700 oC as a function of Ni content and sinter temperature 
(b) Ni/10ScSZ 
(a) Ni/10Sc1CeSZ 
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 Fig. 4.7 – Temperature dependence of electrical conductivity of the (a) Ni/10Sc1CeSZ 
and (b) Ni/10ScSZ anodes prepared with 30 to 60 vol% Ni and sintered at 1350 oC for 1 h 
(b) Ni/10ScSZ 
(a) Ni/10Sc1CeSZ 
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4.3.3  Microstructure and Porosity of Ni/10Sc1CeSZ and Ni/10ScSZ Anodes  
Figs. 4.8 (a) and (b) show the effect of sinter temperature on the porosity of Ni/10Sc1CeSZ 
and Ni/10ScSZ anode films prepared with 30 to 60 vol% Ni content and sintered for 1 h. 
From these figures, it is clear that the porosity of Ni/10Sc1CeSZ and Ni/10ScSZ anodes 
with the same Ni content decreases as the sinter temperature of NiO/10ScSZ cermet 
increases and that, for a given sinter temperature, the porosity increases as the Ni content 
increases. Figs. 4.9 and 4.10 show the SEM images of the 40Ni/60ScCeSZ and 
40Ni/60ScSZ cermet anodes before and after reduction at three different sinter 
temperatures. As the sinter temperature increases, the porosity of the cermet decreases. 
This result is consistent with the results of porosity obtained from the ImageJ software, 
shown in Fig. 4.8. 
A high three phase boundary (TPB) length and good Ni inter-connection are both 
important contributors to improved electrochemical performance in cermet anodes [20]. 
The change in electrical conductivity with respect to sinter temperature is linked to the 
porosity of the cermet; higher sinter temperatures leads to lower porosity, which results in 
higher electrical conductivity, as shown in Fig. 4.11 for the cermet having 40 vol% Ni at the 
operating temperature of 700 oC. Generally, when increasing the sinter temperature of a 
cermet, the grain size increases, improving the Ni-Ni contact networks as shown in Figs. 
4.9 and 4.10, resulting in a lower porosity and a higher electrical conductivity. As can be 
seen in Fig. 4.11, the porosity and conductivity of 40Ni/60ScCeSZ and 40Ni/60ScSZ 
cermet anodes were similar.  
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Fig. 4.8 – The variation of porosity as a function of sinter temperature of the (a) 
Ni/10Sc1CeSZ and  (b) Ni/10ScSZ anode films  
(a) Ni/10Sc1CeSZ 
(b) Ni/10ScSZ 
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Fig. 4.9 – SEM images of 40Ni/60Sc1CeSZ anodes sintered for 1 h at (a) 1250 (b) 
1300 (c) 1350 oC before reduction (1) and after reduction (2) 
 
a (1) a (2) 
b (2) b (1) 
c (1) c (2) 
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Fig. 4.10 – SEM images of 40Ni/60ScSZ cermet anode films sintered for 1 h at (a) 
1250 (b) 1300 (c) 1350 oC before reduction (1) and after reduction (2) 
       
a (1) a (2) 
b (1) b (2) 
c (1) c (2) 
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Fig. 4.11 – Porosity and conductivity as a function of sinter temperature of 40Ni/60ScCeSZ 
and 40Ni/60ScSZ anodes 
4.3.4  Electrochemical Performance of Ni/10Sc1CeSZ and Ni/10ScSZ Anodes 
In terms of the trade-off between electronic conductivity and Ni content, cermets with 
around 40 vol% Ni have been shown to be optimum. But electrode polarization resistance 
is also clearly a key parameter for an SOFC anode. In this regard, cermets sintered at a 
higher temperature which show a higher electrical conductivity do not necessarily display a 
lower electrode polarization resistance. Too high or too low a sinter temperature may 
affect the particle size and interconnectivity and in turn the electrochemical performance of 
the anode. Thus, it is necessary to compare the microstructure and the electrochemical 
performance of the different cermet anodes.  
Fig. 4.12 demonstrates the complex impedance response of 40Ni/60ScSZ and 
40Ni/60ScCeSZ anode films (area 1 cm2) measured at 800 oC under a 97%H2–3%H2O 
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gas atmospheres, respectively, which were sintered at three different temperatures for 1 h.  
The impedance spectra were fitted using the equivalent circuit of 
LR_hf(R_ctCPE1)(R_diffCPE2), where L is an inductance , R_hf is a high frequency 
resistance, R_ct is a charge transfer resistance, R_diff is a diffusion resistance and CPE is a 
constant phase element as presented in Fig. 4.13 (a). The equivalent circuit in Fig. 4.13 (b) 
was used to fit data at low to intermediate temperatures (600-700 oC) due to the noticeable 
electrolyte resistance (R_elec). For instance, Fig. 4.14 shows the calculated total 
polarization, charge transfer, and diffusion resistances for EIS spectra shown in Fig. 4.12 
using the equivalent circuit shown in Fig. 4.13 (a). 
As can be seen from Fig. 4.12, the sinter temperature has a significant effect on the 
total polarization resistance of the cermets. For 40Ni/60ScSZ cermets, the lowest and 
highest polarization resistance were obtained at sinter temperatures of 1300 and 1350 oC, 
respectively, while in the case of 40Ni/60ScCeSZ cermets, the sinter temperatures of 1350 
and 1250 oC resulted in the lowest and highest polarization resistance, respectively.  This 
trend does not change at different working temperatures and hydrogen concentrations, as 
indicated by Figs. 4.15 and 4.16. Note that samples exhibiting the lowest polarisation 
resistance are not from those having the highest electronic conductivity since total 
polarization is a complex phenomenon resulting from both charge transfer (small circle at 
high frequency) and diffusion mechanisms (large circle at low frequency).  
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 Fig. 4.12 – Impedance spectra of (a) 40Ni/60ScCeSZ and (b) 40Ni/60ScSZ cermet films 
at 800 oC under a 97%H2-3%H2O gas atmosphere 
10 kHz 
0.1 Hz 
2 Hz 
100 Hz 
10 kHz 
100 Hz 2 Hz 
0.1 Hz 
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The difference between polarisation resistances as a function of sinter temperature is even 
more pronounced at lower hydrogen concentrations for both types of cermet films. It 
appears that sinter temperatures of 1250 and 1350 oC had an adverse effect on the 
electrochemical performance of the 40Ni/60ScSZ cermet. This is due to the fact that the 
sinter temperature of 1250 oC may be too low to maintain good particle connectivity, while 
1350 oC may be too high to maintain fine particles, as shown in Fig. 4.10, resulting in 
increased electrode polarization. Another reason is probably due to a decrease in the 
electrochemically active surface at the interface between the cermet film and 8YSZ 
electrolyte. However, the presence of 1 mol% CeO2-doped ScSZ electrolyte in the 
40Ni/60ScCeSZ cermet results in the lowest total polarisation at the highest sinter 
temperature (1350 oC). 
 
 
Fig. 4.13 – Equivalent circuit fitting for the impedance spectra measured at (a) 750-800 
and (b) 600-700 oC 
(a) 
(b) 
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Fig. 4.14 – Total polarization, charge transfer and diffusion resistances of (a) 
40Ni/60ScCeSZ and (b) 40Ni/60ScSZ cermet anodes measured at 800 oC under a 
97%H2-3%H2O gas atmosphere 
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Fig. 4.15 – Total electrode polarisation resistance as a function of temperature for 
40Ni/60ScCeSZ under (a) 97%H2–3%H2O and (b) 49%H2–48%N2–3%H2O 
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Fig. 4.16 – Total electrode polarisation resistance as a function of temperature for 
40Ni/60ScSZ under (a) 97%H2–3%H2O and (b) 49%H2–48%N2–3%H2O 
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4.3.5  Degradation of Cermet Activity by Carbon Deposition 
The degradation of Ni/10Sc1CeSZ, Ni/10ScSZ and Ni/8YSZ cermet anodes (40 vol% Ni) 
activity by carbon deposition was investigated after reducing those samples for 90 min in a 
2.5% H2O/H2/N2 mixture, with increasing concentrations of H2, from 5 to 25%, over the 
reaction period. The degradation of the cermets was studied using a gaseous mixture of 
82%N2–10%CH4–8%H2O (steam to carbon ratio of 0.8, S/C=0.8) for 1 h at 700 
oC. The 
measured ratio of carbon deposited over the cermets after the exposure, including several 
results from the literature, is presented in Table 4.3. 
Table 4.3 – The ratio of carbon deposited onto the cermets at 700 oC 
Anode Deposited carbon ratio (mg-carbon/mg-catalyst x 100) / % 
 
40 vol% Ni 
(S/C=0.8 for 1 h) 
20 vol% Ni 
(S/C=0.6 for 5 h) 
10 vol% Ni 
(S/C=0.6 for 5 h) 
 In this study Ref. [21] Ref. [21] 
Ni/10Sc1CeSZ 0.28 11.7 15.8 
Ni/10ScSZ 0.28 – – 
Ni/8YSZ 0.35 33.4 39.6 
    
The amount of deposited carbon obtained in this study at S/C=0.8 for 1 h was much 
lower than the literature results at lower Ni contents, reflecting both the higher steam to 
carbon ratio used in this study, and the reduced  time of exposure from 5 to 1 h. In line 
with other studies, the deposited carbon was lower in the case of Ni/ScSZ and Ni/ScCeSZ 
compared to the Ni/YSZ anode catalyst, though the difference is not as marked as 
literature studies using lower steam to carbon ratios and longer times, where far higher 
amounts of carbon were deposited. It is interesting to observe little difference in the carbon 
formation over the ScSZ and the ScCeSZ, at least over the conditions tested here. Eguchi 
et al. [21] have shown that the methane conversion at 700 oC over Ni/YSZ and Ni/ScSZ 
(20 and 50 vol% Ni) at S/C=0.9 (close to 0.8) for first 1 h are comparable, which may 
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explain why the carbon formation ratio was closer in this study than those reported over 
longer times. The effect of operating temperature on carbon deposition has been studied 
by different authors and it has been reported that the carbon deposition over Ni/YSZ was 
accelerated with an increase in temperature, whereas the opposite results were obtained 
in the case of Ni/ScSZ [22]. In addition, the powder preparation method may also play an 
important role in reducing carbon deposition. For example, the degradation of Ni/YSZ (20 
vol% Ni) catalyst by carbon deposition prepared by mechanical mixing of NiO and 8YSZ 
powders was considerably lower when compared to that prepared by an impregnation 
method [21]. In conclusion, based on Table 4.3, it is clear that the degradation of Ni/YSZ 
by carbon deposition is higher than the case of Ni/ScSZ and Ni/10Sc1CeSZ over the 
range of conditions used in this study, and in the literature. 
4.4  Conclusions 
The effect of nickel content and sinter temperature on the electrical conductivity of 
Ni/10ScSZ and Ni/10Sc1CeSZ cermet films has been investigated.  This revealed a sharp 
change in electrical conductivity at around 30 vol% Ni, corresponding to a change from 
ionic conduction to electronic conduction as the percolation of the nickel phase reached a 
critical value (e.g. > 30 vol %), and the electrical conductivity increased as the sinter 
temperature increased from 1250 to 1350 oC. This is consistent with the behaviour of 
equivalent Ni/YSZ cermet anodes. An acceptable electrical conductivity at 700 oC for both 
forms of Ni/ScSZ anode was obtained at > 40 vol% Ni. The porosity of samples with the 
same Ni content decreased as the sinter temperature increased, and at a given sinter 
temperature the porosity of the samples increased as the Ni content increased. The 
porosity for 40Ni/60ScCeSZ and 40Ni/60ScSZ cermet films sintered at 1250, 1300 and 
1350 oC for 1 h were in the range of 30 to 45% and both anode types showed similar 
values. However, electrochemical measurements using a symmetrical cell and an 8YSZ 
electrolyte in the temperature range of 600 to 800 oC revealed that the optimum sinter 
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temperatures of 40Ni/60ScCeSZ and 40Ni/60ScSZ cermet films were 1350 and 1300 oC, 
respectively. In addition, the carbon deposition over 40Ni/60ScCeSZ, 40Ni/60ScSZ and 
40Ni/60YSZ catalysts was evaluated at 700 oC for 1 h at S/C=0.8. The result showed that 
the ratio of deposited carbon was lower in the case of Ni/ScSZ and Ni/ScCeSZ compared 
to Ni/YSZ catalysts. In conclusion, Ni/10Sc1CeSZ and Ni/10ScSZ cermets having 40 vol% 
Ni were optimum in this study, and in terms of performance at their optimum sinter 
temperature, the 40Ni/60ScCeSZ cermet performed better than 40Ni/60ScSZ cermet in 
terms of electronic conductivity and electrode polarization resistance, with both materials 
exhibiting improved tolerance towards carbon deposition when compared to Ni/YSZ.   
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CHAPTER 5. 
Fabrication of Ni/YSZ Cermet Films Using 
Nano-Sized Powder 
5.1  Introduction 
Cermet anodes such as nickel/yttria-stabilized-zirconia (Ni/YSZ), nickel/gadolinium-doped-
ceria (Ni/CGO) and nickel/samarium-doped-ceria (Ni/SDC) have been used with dense 
electrolytes of yttria stabilized zirconia (YSZ), gadolinium doped ceria (CGO) and 
samarium doped ceria (SDC), respectively,  in the operation of an SOFC at high/low 
temperature (e.g. 600-1000 oC). It is important to note that the triple phase boundary 
(TPB) structure of a cermet generally changes with the morphology of the composite, and 
is influenced by the starting powder (e.g. particle size, shape and distribution) and the 
fabrication conditions (e.g. sinter temperature and reduction condition) [1, 2]. Fabrication of 
cermet anodes using micron-sized composite powders may lead to fairly small TPB 
lengths due to the large particles, despite using a large quantity of Ni. For instance, Abe et 
al. [3] have shown that, for a Ni/YSZ cermet anode, a large TPB length is obtained from a 
homogeneous and contiguous microstructure of pores, and fine grains of metal (Ni) and 
electrolyte (YSZ). In addition, Fukui et al. [4] and Mogensen et al. [5] have demonstrated 
that a microstructure with a large TPB density leads to a reduction in polarization losses 
and hence improved performance. Thus, it is desirable to optimize the cermet structure by 
reducing the grain sizes of NiO and YSZ to nanometer-scale.  
Numerous processing methods for the production of NiO/YSZ nano-sized powders 
have been proposed, such as co-precipitation [6, 7], sol-gel [8, 9], the Pechini method [10, 
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11], combustion synthesis [12-15], liquid mixture [16], and polymer complex synthesis [17]. 
However, all these generally require further calcination at relatively high temperatures (e.g. 
600-800 oC) to remove water, by-products and other impurities. Consequently, this high 
calcination step leads to grain growth and particle agglomeration, which in turn reduces 
TPB length during the fabrication of the Ni/YSZ cermet. It is, therefore, desirable to lower 
or eliminate the calcination temperature in order to reduce the grain growth and particle 
agglomeration problem.  
Continuous hydrothermal flow synthesis (CHFS) is a novel system for powder 
production that offers significant advantages over conventional synthesis methods. It 
produces nanocrystalline materials in a single step without the need for calcination. In this 
system, supercritical water, an intermediate state between liquid and gas phases, is used 
as a solvent for the rapid synthesis of nanocrystalline materials. In addition, hydrothermal 
synthesis allows the control of particle morphology by varying the solvent and reaction 
temperatures. Darr et al. [18] have suggested that precipitation in supercritical water has 
the advantage of producing inorganic monometallic and heterometallic nanomaterials by a 
fast and controllable synthesis route. Recently, yttria stabilized zirconia with primary 
particle sizes of less the 10 nm has been produced via the CHFS system with a reaction 
temperature of 300-400 oC [19]. In addition, very fine 10YSZ and 3YSZ powders 
synthesized via the CHFS system at 450 oC and 24.1 MPa with measured BET surface 
areas of 160.6 and 241.7 m2/g, respectively have been reported by Weng et al. [20]. 
Moreover, the electrical conductivity of Ni/10YSZ pellets (24 vol% Ni) fabricated using 
NiO/10YSZ nano-sized powder synthesized via a one-step CHFS system showed a higher 
electrical conductivity of ~ 200 S/cm at the fuel cell operating temperature (600-800 oC) 
[20]. This higher electrical conductivity at lower Ni content is primarily due to improved Ni-
Ni particles connectivity as a result of the fine nano-sized particles synthesized via the 
CHFS system. 
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 The aim of this chapter is to describe the challenges and possibilities of using nano-
sized powders with a high surface area for the production of anode films by screen-
printing. In this regard, NiO/8YSZ (8 mol% Y2O3) nano-sized composite powders, prepared 
by mechanically mixing the synthesized nano-sized powders of NiO and 8YSZ directly by 
the one-step CHFS system, were used to fabricate screen-printing inks. Prior to ink 
preparation, the synthesized powders were characterized through various techniques 
including scanning electron microscopy (SEM), BET surface area measurement, X-ray 
diffraction (XRD) and transmission electron microscopy (TEM). All these properties were 
compared to micro-sized NiO/8YSZ composite powders prepared similarly by the 
mechanical mixing technique. 
5.2  Experimental Procedure 
5.2.1  Preparation of Micro and Nano-Sized Composite Powders of NiO/8YSZ 
In this study, the micro-sized and nano-sized composite powders of NiO/8YSZ having 20-
40 vol% Ni were prepared by using the identical method employed in the preparation of 
NiO/ScSZ composite powders as described in section 4.2.1 (Chapter 4). In the preparation 
of micro-sized composite powders, the as-received commercial powders of NiO (NexTech 
Materials, Ltd., USA) and 8YSZ (Tosoh Co., Japan) were used whilst the nano-sized 
composite powders were prepared by using the synthesized nano-sized powders of NiO 
and 8YSZ. These powders were synthesized via a novel technique as described below. 
5.2.2  Preparation of Nano-sized Powders of NiO and 8YSZ 
The nano-sized powders of NiO and 8YSZ were separately synthesized directly by a one-
step process of a CHFS system described on Fig. 5.1. In this system, pump P1, P2 and P3 
were used to pump deionized water, a mixture of metal salts solution and a base solution, 
respectively. The pump speeds of P1, P2 and P3 were 20, 10 and 10 ml/min, respectively. 
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The total concentration of the metal salts solution was 0.1 M, while the concentration of the 
base solution was maintained at 1.0 M.  
 
Fig. 5.1 – Schematic representation of the three-pump continuous hydrothermal flow 
synthesis system used for the syntheses of nanoparticles. Key: P ¼ pump, C ¼ cooling, F 
¼ filter, B ¼ backpressure regulator, R ¼ reactor, T ¼ stainless steel ‘‘Tee’’ piece mixer 
and H ¼ heater [21] 
For the synthesis of 8YSZ, yttrium nitrate hexahydrate (Alfa Aesar, UK) (11.66 g, 30.4 
mmol) and zirconyl nitrate hydrate (Alfa Aesar, UK) (59.38 g, 175.0 mmol) were both 
dissolved in 2049 mL of deionised water to give concentrations of 0.01 M and 0.09 M (total 
was 0.1 M), respectively. 10 vol% of hydrogen peroxide (204.9 mL), H2O2 (30 wt% in H2O, 
Sigma–Aldrich Chemical Company, UK) was added to this metal salts solution as an 
oxidizing agent. 1.0 M potassium hydroxide (≥ 85%, Sigma–Aldrich Chemical Company, 
UK) solution was used as a base solution. In this process, the metal salts solution and 
base solution were pumped into the CHFS system and these two streams were mixed at 
the first mixing point, T, as shown in Fig. 5.1 to give a pH of 14. At the same time, 
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deionized water was pumped through a 2 kW electrically powered pre-heater to produce 
superheated water of 450 oC. Thereafter, the reactant mixture (metal salts and KOH) 
solution was brought to meet with the superheated water feed at 450 oC and 24.1 MPa at 
the second mixing point, R, whereupon a hydrothermal reaction occurred in a continuous 
counter-current fashion. This complete synthesis process occurs according to the following 
reaction mechanisms; hydrolysis and dehydration, which are very rapid. 
Hydrolysis step: M(NO3)x (aq) + x H2O          M(OH)x + x HNO3                          (5.1)            
Dehydration step: M(OH)x (s)           M(O)x/2 + x/2 H2O                                      (5.2)                       
The suspension product from the system was collected at the exit of the back pressure 
regulator (BPR) at ambient temperature for approximately 3 ½ h (pH at this point was 14). 
The suspension was then placed into 50 mL centrifuge tubes and centrifuged at the speed 
of 4800 rpm for 15 min.  Approximately 40 mL of liquid was removed and replaced with 40 
mL of clean deionized water and shaken using a vortex mixer to disperse the solids. These 
cleaning steps were repeated for another two or three times until the pH of the liquid 
reached 7. After the suspensions were centrifuged, the wet solids were then dried using a 
Vitris Advantage Freeze Dryer (Model 2.0 ES), supplied by BioPharma for 22 h and 30 min 
at 1.33 x 10-4 MPa. The calculated yield of the dry mass was ca. 86%. 
To produce the co-precipitate precursor for the NiO, nickel (II) nitrate hexahydrate 
(Alfa Aesar, UK) (84.23 g, 289.6 mmol) was dissolved in 2889 mL of deionised water to 
give a 0.1 M solution. Thereafter, an identical method to that described above was 
employed. 
5.2.3  Characterization 
The methods described in section 4.2.2 (Chapter 4) were used in this study to examine:  
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i) the crystalline phase and crystallite size (DXRD) of the powders.  The DXRD was 
calculated according to the Scherrer equation [22], DXRD = 0.9/cos, where  is the 
wavelength of the radiation,  is the peak diffraction angle, and  is the full width at 
half-maximum (FWHM) of the (2 2 0) and (2 0 0)  peaks for NiO and 8YSZ, 
respectively, measured in 2 and expressed in radians. 
ii) the specific surface area (SBET) and average particle size (DBET) of the powders,  
iii) the particle sizes and distributions of the powders (Zetasizer Nano analyser was used 
in the case of nano-sized powders),  
iv) the primary particle size (DTEM) and elemental analyses of the powders,  
v) the morphology of anode films, and  
vi) the structure of the powders according to the CELREF software. 
5.2.4  Cermet Anode Ink Preparation 
The basic ingredients used in the preparation of NiO/ScSZ screen printing inks as shown 
in Table 4.1 (Chapter 4) were used in the preparation of NiO/8YSZ inks in this study. The 
solid loading of the cermet powders was varied from 40 to 60 wt% of the final inks, which 
contained 2.5 mg/m2 dispersant (in certain cases were 50% of calculated dispersant 
quantity). The amount of binder used in this preparation was 1 to 3 wt% of the cermet 
powder. The mixture was homogenized using a triple roll mill (EXAKT 80E, Germany). 
5.3  Results and Discussion 
5.3.1  Characteristics of Nano and Micro-Sized Powders of NiO and 8YSZ  
Figs. 5.2 and 5.3 show the TEM micrographs of synthesized (nano-sized) and commercial 
(micro-sized) powders of NiO and 8YSZ, respectively. From the micrographs, the 
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estimated mean primary particle sizes (DTEM) of the synthesized and NexTech powders of 
NiO were 3.5 ± 0.5 and 278 ± 42 nm, corresponding to BET surface areas (SBET) of 201 ± 
0.91 and 3.1 ± 0.08 m2/g, respectively. In the case of synthesized and Tosoh powders of 
8YSZ, the DTEM particle sizes were 5.0 ± 1.0 and 58 ± 3 nm, corresponding to surface 
areas of 127 ± 0.45 and 13.3 ± 0.07 m2/g, respectively. However, the calculated DBET 
mean primary particle sizes of synthesized NiO, NexTech NiO, synthesized 8YSZ and 
Tosoh 8YSZ powders were 4.0 ± 0.05, 273 ± 16, 8.0 ± 0.06 and 76 ± 1.4 nm, respectively. 
This difference is more significant in the case of both synthesized and Tosoh powders of 
8YSZ as a result of increased agglomeration of particles, shown by the TEM micrographs.  
      
Fig. 5.2 – TEM micrographs of (a) synthesized (b) NexTech powders of NiO 
      
Fig. 5.3 – TEM micrographs of (a) synthesized (b) Tosoh powders of 8YSZ 
10 nm 0.2 m 
5 nm 10 nm 
(a) (b) 
(a) (b) 
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In general, the agglomeration of particles in the synthesized powders is significantly lower 
than the commercial powders due to the fact that the latter were calcined during the 
manufacturing process. This calcination step clearly explained why the surface areas of 
the commercial powders were significantly lower than that of the synthesized powders via 
the one-step CHFS system. In addition, the TEM micrographs showed that the particles of 
synthesized powders via the CHFS system were nearly very fine spheres with a regular 
shape compared to powders synthesized via conventional methods. For example, NiO 
powder synthesized via the co-precipitation method showed particles with a larger primary 
size of 20-30 nm in addition to an irregular shape [6]. This was attributed to a lower 
nucleation rate, which is proportional to the concentration of the precipitation agent, during 
the synthesis process. However, the nucleation rate in the CHFS system is generally very 
high, resulting in a fine primary particle size (< 5 nm) as reported by Darr et al. [18] 
 Figs. 5.4 and 5.5 show the XRD patterns of synthesized powders of NiO and 8YSZ via 
the CHFS system, in comparison to the commercial powders of NiO and 8YSZ, 
respectively. Clearly, the line broadening of the diffraction peaks of the synthesized 
powders is indicative of the presence of nanocrystals. Based on the PDF#00-047-1049 for 
NiO and PDF#00-030-1468 for 8YSZ, both the commercial and synthesized powders of 
NiO and 8YSZ show a single cubic phase (space group Fm-3m) at room temperature. The 
lattice parameters of the synthesized and NexTech powders of NiO are 4.1904 and 4.1934 
Å, respectively, in good agreement with that based on PDF#00-047-1049 for NiO (4.1771 
Å). In the case of synthesized and Tosoh powders of 8YSZ, the measured latice 
parameters are 5.1389 and 5.1449 Å, respectively, and consistent with that based on 
PDF#00-030-1468 for 8YSZ (5.1390 Å). The crystalline sizes (DXRD) of the synthesized 
and NexTech powders of NiO calculated according to the Scherrer equation were 24 and 
105 nm, respectively, and that in the case of synthesized and Tosoh powders of 8YSZ 
were determined as 84 and 167 nm, respectively.  
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Fig. 5.4 – XRD patterns of (a) nano-sized powder of NiO synthesized via CHFS system 
and (b) commercial NexTech powder of NiO 
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Fig. 5.5 – XRD patterns of (a) nano-sized powder of 8YSZ synthesized via CHFS system 
and (b) commercial Tosoh powder of 8YSZ 
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It is important to note that DXRD is significantly higher than DTEM  and DBET (except in the 
case of Nextech NiO powder) due to the fact that  the XRD patterns were based on a large 
number of particles which may contain larger/smaller particles compared to the TEM 
micrographs which only cover a small number of particles of almost similar size except in 
the case of NexTech NiO powder. This might be a reason for the higher/lower value of 
DXRD. 
 Figs. 5.6 (a) and (b) show the particle size distributions of synthesized powders of NiO 
and 8YSZ in comparison to that of commercial powders measured by laser diffraction. In 
general, the distributions of both synthesized and commercial powders indicate that NiO is 
finer than 8YSZ due to the fact that the agglomeration of particles of the 8YSZ powder is 
greater, resulting in a larger particle size compared to the NiO powder. However, the 
distributions clearly revealed that the commercial powders have broader particle size 
distributions than the synthesized powders as a result of the calcination step applied in the 
manufacturing process. In addition, the additional calcination step caused the average 
secondary particle size of the commercial powders increased to the sub-micron size 
range.  
Generally, a decrease in the surface area of a powder reflects an increase in mean 
particle size. However, the particle size distributions of the commercial NiO and 8YSZ 
powders revealed an inconsistent result in comparison to their surface areas. This is 
attributed to particle agglomeration in the 8YSZ powder during the the calcination step, 
whereas the NiO agglomerates were only weakly bound, as presented in the TEM 
micrographs. The weakly connected NiO agglomerates can thus be easily broken down 
ultrasonically in deionized water before the particle size measurement and consequently 
revealed a smaller particle size. The particle size distributions also showed that the 
synthesized NiO had a narrow and mono modal particle size distribution compared to the 
synthesized 8YSZ which had a broad and bimodal particle size distribution.   
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Fig. 5.6 – Particle size distributions of (a) synthesized (b) commercial powders of NiO and 
8YSZ 
(a) 
(b) 
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In the case of commercial powders, both NiO and 8YSZ showed broad bimodal and tri-
modal distributions, respectively. The mean secondary particle sizes of synthesized NiO 
and 8YSZ powders were 0.077 and 0.52 m, respectively, and the commercial NiO and 
8YSZ powders were 0.128 m and 3.69 m, respectively. The characteristics of the 
synthesized and commercial powders of NiO and 8YSZ determined by various techniques 
are summarized in Table 5.1. 
Table 5.1 – Summary of characteristics of NiO and 8YSZ powders 
Parameters 
NiO 8YSZ 
NexTech 
powder 
Nano-sized 
powder 
From 
PDF#00-
047-1049 
Tosoh 
powder 
Nano-sized 
powder 
From 
PDF#00-
030-1468 
DTEM (nm) 278 ± 42  3.5 ± 0.5 - 58 ± 3.0 5.0 ± 1.0 - 
DBET (nm) 290 ± 16 4.0 ± 0.05  - 76 ± 1.4 8.0 ± 0.06 - 
DXRD (nm) 
105  
(220)* 
24  
(220)* 
- 
167  
(111)* 
84  
(111)* 
- 
Lattice 
parameter (Å) 
4.1934 4.1904 4.1771 5.1447 5.1389 5.1390 
BET surface 
area (m
2
/g) 
3.1 ± 0.08 201 ± 0.91 - 13.3 ± 0.07 127 ± 0.45 - 
Mean particle 
size based on 
light diffraction 
technique (m) 
0.52 0.077 - 3.69 0.128 - 
* Value in the bracket represents the diffraction peak which was used to calculate the mean crystallite size according to Scherrer’s 
formula 
5.3.2  Elemental Analysis of NiO and 8YSZ Powders 
The elemental analysis and composition of the synthesized and commercial powders of 
NiO and 8YSZ are presented in Table 5.2. In accordance with these results, the theoretical 
densities of the powders were calculated by the equation  = ZfM/NoV, with Zf, M, No and V 
represent the number of formula units in the unit cell, the formula weight, Avogadro’s 
number and unit cell volume, respectively. In the case of synthesized NiO, NexTech NiO, 
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synthesized 8YSZ and Tosoh 8YSZ powders these were determined to be 6.742, 6.727, 
5.863 and 5.995 g/cm3, respectively, comparable with the results shown in PDF#00-047-
1049 for NiO (6.81 g/cm3) and PDF#00-030-1468 for 8YSZ (5.96 g/cm3). Further 
information of the elemental analysis and density calculation can be found in APPENDIX 
A.  
Table 5.2 – Composition of NiO and 8YSZ powders 
Oxide 
Metal 
 
Synthesized powders Commercial powders 
NiO  
(mol%) 
8YSZ  
(mol%) 
NexTech NiO  
(mol%) 
Tosoh 8YSZ 
(mol%) 
Y2O3 - 8.11 - 8.65 
ZrO2 - 89.80 - 90.69 
HfO2 - - - 0.67 
NiO 99.93 - 100 - 
Fe2O3 0.07 - - - 
 
5.3.3  Characterization of Nano and Micro-Sized Powders of NiO/8YSZ  
Table 5.3 displays the BET specific surface areas of anode composite powders of 
NiO/8YSZ prepared by the mechanical mixing of NiO and 8YSZ powders and their 
measured parameters by nitrogen physisorption can be found in APPENDIX B.  
Table 5.3 – BET specific surface area of anode composite powders of NiO/8YSZ 
NiO/8YSZ composite powder 
Nickel content (vol%) 
20 30 35 40 
BET surface area of nano-sized 
powder (m
2
/g) 
143.08 ± 0.68 156.64 ± 0.65 161.45 ± 0.71 166.37 ± 0.57 
BET surface area of micro-sized 
powder (m
2
/g) 
9.19 ± 0.08 8.73 ± 0.03 8.21 ± 0.04 8.08 ± 0.04 
 
Clearly, the specific surface areas of NiO/8YSZ composite powders prepared by mixing of 
nano-sized powders are significantly higher than that of the anode composite powders 
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prepared from the commercial powders. Furthermore, the specific surface areas of nano-
sized composite powders rise as the Ni content increases, but decrease in the case of 
commercial composite powders as a result of different specific surface areas of NiO and 
8YSZ - as summarized in Table 5.2. An increase in specific surface area would create 
good Ni-Ni and YSZ-YSZ contact networks in the Ni/8YSZ cermet anode, and result in a 
higher electrical conductivity. Moreover, a large initial NiO particle could lead to poor Ni-Ni 
contacts due to the reduced sinterability of coarser particles compared to that of fine 
particles [23]. 
5.3.4  Preparation of NiO/8YSZ Screen-Printing Inks Using Nano-Sized Powders 
The preparation of screen-printing inks using nano-sized composite powders of NiO/8YSZ 
in this study was limited to a low solid content due to the high surface area of the powders. 
The high surface area resulted in increased inter-particle interaction in the powder, and 
consequently increased the viscosity of the inks even at low solid content compared to 
commercial powders with a lower surface area (e.g. < 10 m2/g). However, the solid content 
in the inks were increased as much as possible by varying the composition of the inks 
which comprise a solvent, a binder and a dispersant in addition to the powder. This is very 
important for the production of inks with a high density while maintaining their suitability for 
screen-printing. The investigation was conducted using the nano composite powder having 
35 vol% Ni, and Table 5.4 summarizes the applicability of the inks for screen-printing. 
Based on the investigation, only inks having 40-48 wt% solid in the final ink (or inks with a 
powder to solvent ratio of 1.0-1.5) were determined suitable for screen-printing due to their 
reduced viscosity. Inks with a solid content more than 48 wt% were too tacky and viscous 
for effective screen-printing.  
On the other hand, increasing binder content resulted in an increase in the viscosity 
of the inks. Hence, the binder content was reduced to 1-2 wt% of powder in most cases. It 
184 
is important to note that the particle network strength in inks with a lower binder content is 
generally weak and this may produce anode films with reduced mechanical strength.  Due 
to the high surface area, the dispersant requirement in the ink preparation was high. This 
is important for the production of homogeneous inks with reduced inter-particle interaction, 
and consequently improves particle connectivity in the resultant anode films. In a few 
cases, the dispersant content was reduced to 50% and the resultant inks appeared less 
viscous and more suitable for screen-printing than those with the maximum amount. The 
following section describes the possibility of preparing inks for cermet film fabrication using 
nano-sized powders. 
Table 5.4 – Possible ink composition for screen-printing application using nano composite 
powder having 35 vol% Ni 
Ink 
Ink composition (wt%) 
P/S 
Applicability for 
screen-printing 
Powder (P) Solvent (S) 
Binder (wt% 
of powder) 
Dispersant 
A 56.5 18.9 3 22.9 3.00 Not possible 
B 56.9 19.0 2 23.0 3.00 Not possible 
C 57.2 19.1 1 23.2 3.00 Not possible 
D 50.9 27.4 2 20.6 1.86 Possible 
E 47.8 31.9 2 19.4 1.50 Possible 
F 48.0 32.0 1 19.5 1.50 Possible 
G 44.6 36.5 2 18.1 1.22 Good 
H 44.8 46.6 1 18.1 1.22 Good 
I 41.4 41.4 1 16.8 1.00 Good 
J 41.2 41.2 2 16.7 1.00 Good 
K 45.0 45.0 2 
9.1 (50% of 
requirement) 
1.00 Very Good 
L 45.2 45.2 1 
9.2 (50% of 
requirement) 
1.00 Very good 
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5.3.5  Fabrication of Films by Screen-Printing Using Nano-Sized Powders 
According to Table 5.4, inks F to L were chosen for anode film fabrication by screen-
printing. Although these inks were successfully used for screen-printing, the resultant films 
showed many cracks after drying as confirmed by optical microscopy. Hence, all the dried 
films were iso-statically pressed at 300 MPa for 10 min, but this additional step was still 
unable to solve the problem. Fig. 5.7 revealed several examples of the resultant films 
fabricated using inks E, G, H, J and K. The SEM images represent the films sintered at 
after drying at 100 oC for 10 min. As can be seen from the figure, a large number of cracks 
in addition to serious delamination were observed in all the cases, indicating that the main 
reason for the cracking and delamination problem was due to a low particle packing 
density in the wet screen-printed films. Consequently, the films start to crack during the 
vaporization of solvent in the drying process. As presented in Table 5.5, all the acceptable 
inks for the screen-printing have a very low solid content (< 50 wt%) compared to inks 
fabricated using commercial powders with a low surface area (< 10 m2/g), where a solid 
content as high as 75 wt% was successfully used in the ink fabrication as discussed in 
Chapter 4. It is, therefore, important to note that powders with a very high surface area are 
not suitable for use in screen-printing inks. However, these powders might be suitable for 
the fabrication of dense pellets by dry pressing. 
 
 
 
186 
     
     
     
     
     
Fig. 5.7 – Screen-printed films fabricated using inks (1) E, (2) G, (3) H, (4) J and (5) K after 
(a) drying, (b) iso-static pressing at 300 MPa for 10 min and (c) sintering at 1300 oC for 1 h  
(a1) (c1) (b1) 
X 50 X 50 
X 50 X 50 
X 50 X 50 
X 50 X 50 
X 50 X 50 
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(c2) 
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5.4  Conclusions 
This chapter described the production of extremely high surface area powders of NiO and 
8YSZ in a single step via a novel continuous hydrothermal flow synthesis (CHFS) system 
without the need for an additional powder calcination step. The characteristics of the 
synthesized powders were compared to commercial powders of NiO and 8YSZ, where the 
latter were produced via a conventional method and calcined during the manufacturing 
process. Agglomeration of particles in the commercial powders was significantly higher 
than in the synthesized powders, as confirmed from the measured particle size 
distributions. The primary particle sizes of the synthesized NiO and 8YSZ powders 
determined by TEM were 3.5 and 5 nm, whereas those in the commercial NiO and 8YSZ 
powders were 278 and 58 nm, respectively. This difference clearly revealed the advantage 
of the novel method in producing very fine particles. Composite powders of NiO/8YSZ 
were prepared by the mechanical mixing of the synthesized and commercial powders, 
which again showed that the surface areas of the composite powders prepared using the 
synthesized powders were significantly higher (143-166 m2/g) compared to those prepared 
by the commercial powders (8-9 m2/g). However, the very high surface area of the 
composite powders led to a low powder content (< 50 wt%) in the fabricated inks in order 
to maintain their suitability for screen-printing. Generally, a higher solid content (70-80 
wt%) in the inks is preferred in order to produce films with a high particle packing density. 
As a consequence of the low solid content, all the resultant films showed a large number 
of cracks and delamination after drying and sintering, as confirmed from the optical 
microscopy and SEM. This was due to a low particle packing density in the resultant films. 
In conclusion, powders with a very high surface area are not suitable for the fabrication of 
screen-printing inks despite their excellent characteristics over the commercial powders in 
improving particle connectivity in the resultant films. 
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CHAPTER 6. 
Rheological studies of NiO/ScSZ Screen-
Printing Inks for SOFC Anode Fabrication 
6.1  Introduction 
Screen-printing is the most widely used technique to produce films with a thickness in the 
range of 10 to 100 m [1-3]. The technique has been extensively used in the fabrication of 
films of oxides [4], photoconductors [5] and  ferroelectrics [6]. Of greater relevance to this 
work, screen-printing is commonly used to produce the thick films used in solid oxide fuel 
cells (SOFCs), for example, thick films of yttria stabilized zirconia (YSZ) [2, 7-9], gadolinia 
doped ceria (CGO) [10], lanthanum strontium cobaltite ferrite (LSCF) [11], lanthanum 
strontium magnetite (LSM) [12, 13] and NiO/YSZ [12].  
This study is focussed on screen-printing of SOFC anode thick films - porous 
composites of a metal (usually nickel) and an oxide ion conducting electrolyte (usually a 
doped zirconia). These anodes perform two key functions, firstly they must provide 
sufficient electrocatalytic activity for the oxidation of the hydrogen rich fuel gas, and 
secondly they must provide a percolated network of electronically conducting phase, 
ionically conducting phase, and pore phase to sustain the electrochemical reactions.  They 
must also resist sintering during long term operation at > 600 oC, and avoid delamination 
during, for example, thermal cycling.  All these properties depend on electrode 
microstructure, and hence in turn are related to the fabrication of the anode film by screen-
printing.   
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However, there have been only a limited number of studies which seek to establish 
the influence of the properties of the screen-printing ink on the properties of the resultant 
SOFC electrode.  Hence, in this study, the rheological properties of nickel/scandia-
stabilized-zirconia (Ni/ScSZ) cermet [14] anode inks were investigated for their application 
in the fabrication of SOFCs.    
In general, the quality of the screen-printed layer is dependent on several factors 
including printer settings, screen options, substrate preparation and ink rheology [2]. All 
these parameters can be readily controlled during printing, other than the rheological 
properties of the ink which are quantified by measuring viscosity or shear stress as a 
function of shear rate, as reported by several authors [7, 8, 15]. The viscoelastic properties 
of the ink are defined by its elastic/storage (G’) and viscous/loss (G”) moduli. The elastic 
modulus provides information on the solid-like properties of the ink, while the viscous 
modulus reveals its liquid-like properties. Generally, a well-structured ink exhibits a large 
elastic modulus (indicating a high resistance towards separation and slumping) while a 
large viscous modulus indicates an in-elastic sample [16]. However, it is important to note 
that a very high G’ value may result in ink/paste hang-up on the squeegee, limited printing 
speed and increasing squeegee pressure [16]. On the other hand, a high G” value leads to 
liquid-like properties and results in slumping and ink bleeding [16]. These properties 
depend on many factors such as the particle size of the powder [17, 18], solid loading [2, 
7] and, importantly, the composition of the ink which generally comprises a binder, a 
dispersant and an organic solvent [2, 7, 8], in addition to the powder.  
In the fabrication of an electrolyte ink, several studies have used a low binder content 
(0.23-1.0 wt% of solid) [7, 8]. This helps ensure a dense film without defects or pinholes 
after binder burnout during sintering [8]. However, in the fabrication of an electrode ink, a 
higher binder content (> 1 wt%) may be preferred to improve the electrode porosity, 
resulting from binder burnout during sintering [8, 13]. Furthermore, a higher binder content 
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may result in an improved particle network strength in the inks as shown by Phair et al. [8] 
for zirconia pastes. In addition, optimising the binder content in printing pastes has been 
shown to be critical in forming  crack-free films, as shown by ZnO films for solar cell 
applications [19]. On the other hand, a low binder content may cause film cracking during 
drying of the green film as a result of the reduced particle network strength in the ink [8, 
18], whilst too high a binder content may increase the tackiness of the ink, affecting 
screen-printability. Therefore, an optimum binder content would be expected for a given 
anode powder that improves both the quality of printing, and the quality of the printed films. 
However, despite the importance of ink rheology when screen-printing SOFC 
electrodes, there have been limited studies reported on the rheological behaviour of SOFC 
electrode inks. The main purpose of this study was therefore to study the effect of binder 
content on the rheological properties of NiO/10mol%Sc2O3 - 1mol%CeO2 - 89mol%ZrO2 
(NiO/10Sc1CeSZ) anode screen-printing inks using two types of organic solvent; 
anhydrous terpineol and texanol ester alcohol. Ethylene cellulose is a commonly used 
binder in the preparation of screen-printing inks and was therefore used in this study. 
Rheological studies were performed using steady-state (viscosity as a function of shear 
rate), yield stress, oscillation (amplitude stress sweep), and creep-recovery tests. The 
steady-state test established the thixotropic behaviour of the inks, while the yield stress 
measurement was used to study ink network structure. The oscillation test determined the 
viscoelastic properties of the ink, while the creep-recovery test was performed to study the 
slump characteristics of inks as a result of a low percentage of ink recovery after printing. 
After performing all these tests, the effects of binder content and solvent type on the 
overall thixotropic and viscoelastic properties of the inks were evaluated and compared. 
Finally, SEM images of dried films were studied and correlated to the binder content. 
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6.2  Experimental Procedure 
6.2.1  NiO/10Sc1CeSZ Composite Powder Preparation 
The preparation method of NiO/10mol%Sc2O3 - 1mol%CeO2 - 89mol%ZrO2 
(NiO/10Sc1CeSZ) composite powder, containing 40 vol% Ni and 60 vol% 10Sc1CeSZ, is 
identical to the method described in section 4.2.1 (Chapter 4). 
6.2.2  Characterization 
In this study, the specific surface area (SBET), particle sizes and distributions of the 
powders in addition to the morphology of screen-printed anode films were examined by 
using the identical methods that were described in section 4.2.2 (Chapter 4).  
6.2.3  NiO/10Sc1CeSZ Screen-Printing Ink Preparation 
The ingredients used in all the Ni/10Sc1CeSZ screen-printing inks are listed in Table 6.1. 
The final solid loading of the ink was 26 vol% (70 wt%) with 2.5 mg/m2 dispersant - based 
on the specific surface area of the cermet powder. This amount was recommended by the 
supplier. Furthermore, the amount of dispersant, at around 1.7 wt% of powder, lies in the 
optimal range (1-4 wt%) suggested by several studies on a range of dispersants (e.g. 
Hypermer KD1-7) used in a NiO-terpineol-dispersant [20, 21] system. The dispersant 
preferentially adsorbed on the particle surface to provide an effective steric layer which 
prevented agglomeration [20]. The dispersant was mixed with the powder and ball-milled 
with acetone for 24 h. After milling, the powder was dried in an oven at 90 oC for 3 h. The 
amount of binder used was 0, 1, 2, 3, 4 and 5 wt% of the cermet powder, and dissolved in 
the required solvent separately. The function of binder was to form inter-particle bridges to 
promote particle adhesion after solvent evaporation. Finally, the mixture of ingredients was 
homogenized using a triple roll mill (EXAKT 80E, Germany), to reduce the number of 
agglomerates in the ink.  
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Table 6.1 – Ingredients used in screen-printing inks A and B  
Ingredients Ink A Ink B 
Solvent Anhydrous terpineol Texanol ester alcohol 
Binder Ethyl cellulose N7 grade Ethyl cellulose N7 grade 
Dispersant Hypermer KD15 Hypermer KD15 
Solid NiO/10Sc1CeSZ NiO/10Sc1CeSZ 
 
6.2.4  Rheological Measurements 
A series of rheological tests were performed at 25 oC with a Bohlin CVOR 200 rheometer 
(Bohlin, Malvern Instruments, UK) using parallel plates (diameter = 40 mm and gap = 150 
m). Among the tests performed in this study were steady state, yield stress, oscillatory 
amplitude stress sweep, and creep-recovery, introduced in the following sections. The only 
exception was the viscosity of the solvents and solvent-binder systems, which were 
measured using a cone and plate geometry (cone diameter = 40 mm, cone angle = 4o and 
gap = 150 m) due to their low viscosity [8]. The steady-state test was used to evaluate 
the degree of thixotropy of the inks by measuring the viscosity-shear rate curves over the 
shear rate values of 0.1 and 100 s-1.
 
The oscillation amplitude stress sweep (dynamic) test 
is typically used to characterize the viscoelasticity of an ink by providing the information on 
the strength of particle network structure [22]. In this test, sinusoidal stresses varying from 
1 to 1000 Pa were applied at a constant frequency of 2 Hz and the induced sinusoidally 
varying strain response was measured. The creep-recovery test was performed by 
applying a small constant stress (10 Pa) for 120 s followed by recovery with no stress 
applied for 120 s. This test is used to provide information on the structural properties of an 
ink at very low stresses [23]. Further information of the rheological tests and their theory 
can be found in section 3.10 (Chapter 3). 
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6.2.5  Fabrication of Films by Screen-Printing 
In this study, anode films were screen-printed onto 10Sc1CeZ pellets using a screen 
printer (SMTech 90 Series). The printing speed and squeegee load with were fixed at 0.02 
m/s and 6 kg, respectively. The screen mesh type, squeegee length and snap-off used for 
the film fabrication were 325, 5 in and 2.0 mm, respectively.    
6.3  Results and Discussion 
6.3.1  Characterization of Ni/10Sc1CeSZ Powder 
The BET surface areas of NiO, 10Sc1CeSz and mechanically mixed NiO/10Sc1CeSZ 
powders were 3.1, 11.5 and 6.7 m2/g, respectively. Generally, a decrease in the specific 
surface area of a powder reflects an increase in its average particle size. However, the 
corresponding particle size distribution of the powders used here reveals that the NiO 
powder was finer than 10Sc1CeSZ powder, as shown in Fig. 6.1. This was attributed to 
increased agglomeration of particles in the 10Sc1CeSZ powder compared to that of the 
NiO powder. The particle size distribution shows that the NiO powder has two narrow 
particle size distributions in the range of 0.3-0.9 m and 1.5-2.5 m. In contrast, the 
10Sc1CeSZ powder exhibits a broad and mono modal distribution ranging from 0.3 to 8.0 
m. In the case of the NiO/10Sc1CeSZ composite powder, the particle size distribution 
reveals a broad and bimodal distribution consisting of fine particles (0.38-0.95 m) and a 
large fraction of coarse particles (0.95-7.5 m). The mean particle sizes of the NiO, 
10Sc1CeSZ and NiO/10Sc1CeSZ powders were 0.714, 2.361 and 2.151 m, respectively. 
The viscoelastic properties of NiO/10Sc1CeSZ inks are strongly controlled by the 
particle characteristics including specific surface area, particle size and distribution of 
starting powders. For instance, in the case of a PVC-based paste, Rasteiro et al. [17] have 
studied the correlation between the rheological properties and particle characteristics (size 
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and distribution). This study revealed that a higher viscosity with increased viscoelastic 
moduli were obtained for inks fabricated using a powder with smaller particles size and 
higher surface area. 
 
Fig. 6.1 – Particle size distribution of NiO, 10ScCeSZ and NiO/Sc1CeSZ powders 
6.3.2  Steady State Test 
Steady state tests were performed by linearly increasing the shear rate from 0 to 100 s-1 
then returning at the same rate to zero. The hypothetical structural changes induced by the 
controlled shear rates applied by the rheometer on the NiO/ScSZ inks in this study are 
expected to be comparable with that on TiO2 inks as illustrated in Fig.2.28 (Chapter 2). In 
general, during the shear rate sweep, three different regions can be identified in a 
suspension, namely, (i) a quasi-Newtonian behavior at low shears (< 0.01 s-1), (ii) a shear 
thickening behavior at intermediate shear rates (0.01-0.1 s-1), and (iii) a shear thinning 
behavior at high shear rates (> 0.1 s-1) [24]. However, based on the flow curves shown in 
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Fig. 6.2 for inks A and B, only shear thinning behavior was observed because the 
minimum applied shear rate in this study was 0.1 s-1. As described in section 2.12 
(Chapter 2), the stretching of ethyl cellulose chains in the inks take place at low shear 
rates and this characteristic leads to more structured agglomerates and consequently, 
reduce the number of free or dangling chains. The chain stretching action increases the 
probability of interaction between solid particles and ethyl cellulose chains through inter-
chain cross-linking. As a result, the inks show Newtonian behavior (constant viscosity) at 
the low shear rates. At the intermediate shear rates, the viscosity of the inks is expected to 
increase constantly due to network formation between the free and dangling chains with 
the cermet particles. This action results in in shear-thickening behavior in the inks. As 
shown by Fig. 6.2, the inks show shear thinning behavior at high shear rates due to 
ordering effect of particle agglomerates and this action consequently reduces the viscosity 
of the inks. As the shear rate is decreased, the chains begin to re-coil, but they are 
constrained by the intra-chain cross-linking action of the cermet particles. 
The area of the hysteresis loop between the up and down shear rate sweep curves 
measures the degree of thixotropy of the ink, which indicates a breakdown of structure that 
cannot be reformed immediately when the stress is reduced [15]. The thixotropic 
properties of both inks A and B increased as the binder content increased. The improved 
thixotropic properties clearly indicate that the inks were well dispersed for the production of 
crack-free films.  Moreover, this property is important for screen-printing as it improves 
surface leveling of the printed film [10]. Inks without binder exhibited poor thixotropic 
behaviour and were not suitable for screen printing. This can be related to a poor particle 
dispersion and network strength within the inks without the presence of hydrogen bonding 
between the hydrogen group of the ethyl cellulose binder and surface oxygen on the oxide 
powders (Ni, Sc, Ce and Zr).  
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Fig. 6.2 – Viscosity as a function shear rate for (a) ink A and (b) ink B at binder contents of 
0 to 5 wt% 
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But to fully establish the optimum binder content, the viscoelastic properties and printability 
of the ink must be evaluated using dynamic measurements such as oscillation and creep-
recovery. Fig. 6.3 demonstrates the viscosity of inks A and B at a shear rate of 100 s-1. 
The viscosity gradually increased as the binder content increased with ink A appearing to 
be more viscous than ink B, even though at low shear rates ink B seems more viscous, as 
shown in Fig. 6.2. In general, the increased viscosity at higher binder contents can be 
related to improved cross-link bonding between the ethyl cellulose polymer chains and 
cermet particles.  
 
Fig. 6.3 – Viscosity at a shear rate of 100 s-1 and yield stress for inks A and B as a function 
of binder content 
6.3.3  Yield Stress Analysis 
Yield stress is defined as the minimum shear stress required to initiate deformation in the 
material. This is an important parameter which determines the transition point from an 
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elastic-solid-like behaviour to a liquid-like behaviour in which the material network structure 
starts to breakdown, and the material begins to flow [22].  The yield stress value measures 
the relative strength of the particle network within the ink and is closely related to the 
elasticity of the ink. Too high a yield stress will impair screen-printing due to increased 
tackiness of the ink. The yield stress values can also be estimated from the Casson 
equation [25], as shown below;   
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To fit the Casson model, shear stress was determined over a narrow range of
 
shear rate 
(0.1 – 5 s-1). This narrow range was applied with the aim of avoiding any risk of material 
spill out from the parallel plates at higher rates, which would affect the measured results. 
Furthermore, the range was determined sufficient to maintain a relatively good linearity, 
especially at higher solid contents. The y-intercept of the curve-fitted line was used to
 
determine the ink yield stress (y). The results obtained through the stress sweep method 
were in good agreement with those obtained from the Casson equation, as demonstrated 
in Fig. 6.3. This figure shows that increasing binder content led to an increase in yield 
stress, confirming the development of a stronger network structure. From the yield stress 
results, it is clear that Ink B is more elastic (solid-like) than ink A. These results are also 
consistent with the low shear rate viscosity results which show that ink B is more elastic 
than ink A, even though these results seem inconsistent at high shear rates which suggest 
that ink A should be more elastic than ink B. This result highlights the fact that properties 
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obtained from steady state tests are not sufficient to fully establish the viscoelastic 
properties and printability of an ink. Normally, the higher the yield point, the lower the 
amount of ink spread onto the substrate. If the yield point is too low, there may be sagging 
of the ink on the substrate after application [26]. Also, a suitable yield stress helps maintain 
the film shape after removal of the forming stress, and helps ensure that the desired 
electrical properties resulting from the improved particle connectivity after sintering [20]. 
No yield stress was observed in the absence of binder, indicating that no network structure 
formed within the ink under this condition.  
6.3.4  Oscillatory Amplitude Stress Sweep Test 
The results of oscillatory amplitude stress sweep tests for inks A and B are shown in Figs. 
6.4 (a) and (b). These stress sweep results are analyzed by identifying the linear 
viscoelastic region (LVR) and then parameters such as the elastic modulus (G’) and 
viscous modulus (G”) in the linear region, which provide information on the solid and liquid 
characteristics of the ink. From the figures, it is clear that the LVR and moduli (G’ and G”) 
for inks A and B increase as the binder content increases because of improved internal 
network strength in the inks. This internal network strength is mainly due to hydrogen 
bonding between the hydrogen group of the ethyl cellulose binder and surface oxygen on 
the oxide powders (Ni, Sc, Ce and Zr). There is no pronounced LVR for the inks without 
binder due to poor network formation. The LVR for inks A and B containing 1, 2, 3, 4 and 5 
wt% binder seem comparable, and are below 30, 80, 150, 350 and 550 Pa, respectively. 
This shows that the LVR lies within a relatively small stress range, indicating that the effect 
of binder content is more significant than solvent type in establishing a particle network in 
the ink. Figs. 6.5 (a) and (b) show the values of moduli (G’, G” and G*) within the LVR for 
both inks. This revealed a significant increase in G’, G” and G* for inks containing 4 and 5 
wt% binder, showing why these inks proved too tacky and viscous for effective screen-
printing compared to those with lower binder content.  
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Fig. 6.4 – Oscillatory amplitude stress sweep at 2 Hz for (a) ink A and (b) ink B at binder 
contents of 0 to 5 wt% 
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These inks also hung up on the squeegee, an unwanted characteristic. The increased 
magnitude of moduli can be explained by the printing trials demonstrated in Fig. 6.6 where 
inks with the higher binder content (4 and 5 wt%) easily hung up on the squeegee resulting 
from their higher elastic properties. Hence, only inks having 1-3 wt% binder are suitable for 
screen-printing based on printing conditions used in this study. 
In general, it can be seen that solid-like (G’) and liquid-like (G”) behaviour is a function 
of binder content, and that solid-like behaviour appears to be dominant (G’ > G”) in all 
cases, except in the case of ink A containing 3-5 wt% binder. In addition, the rate of 
increase in G” is higher than G’ with increasing binder content in all the inks. However, the 
tackiness and viscosity of the inks seems to increase constantly with increasing binder 
content, attributed to improved particle bridging within the inks as shown by the increased 
LVR. This behaviour suggests that the magnitude of G’ is more significant than G” in 
determining the overall rheology of an ink.  Furthermore, in the case of ink A having 3-5 
wt% binder, the viscoelastic properties were dominated by liquid-like behaviour, but the 
LVR length continuously increased, again supporting the significance of G’ over G”. These 
results were further supported by the improved yield stress value at higher binder content 
presented in Fig. 6.3. Also, from Fig. 6.5, ink A seems less elastic but more viscous than 
ink B, which means the former possesses a lower yield stress value at any binder content 
than the latter. With refer to printing conditions used in this study, the acceptable yield 
stress values were determined to fall between 50-150 and 100-250 Pa for inks A and B, 
respectively, for screen-printing. 
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Fig. 6.5 – Summary of the oscillatory amplitude stress sweep parameter within the LVR for 
(a) ink A and (b) ink B 
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(a1) 
(b3) (a2) 
(b2) (a2) 
(b1) 
(b4) (a4) 
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Fig. 6.6 – Printing trials using (a) ink A and (b) ink B having (1) 1 wt%, (2) 2 wt%, (3) 3 
wt%, (4) 4 wt% and (5) 5 wt% binder contents 
6.3.5  Correlation of Viscoelastic Properties to the Ink network structure and 
Printing Quality  
At low stresses (within the LVR), G’ and G” are linear and constant for all the inks until a 
critical stress value is reached at which both moduli increase to a maximum value, before 
dropping off sharply as a result of network structure breakdown. This is a typical 
characteristic shown by a Maxwell fluid [8].  The critical applied stress value for G” is 
higher than G’ for all the inks as shown in Fig. 6.4. After the network structure breakdown, 
G” is greater than G’ indicating that the inks were then dominated by liquid-like 
characteristics.  
The overall viscoelastic behaviour of inks A and B can be clearly seen through the 
plots of phase shift against shear stress, as presented in Fig. 6.7. A phase shift closer to 
0o indicates solid-like behaviour and an angle closer to 90o indicates liquid-like behaviour. 
The viscoelastic behaviour is shown by the angle between 0 and 90o. The phase shift 
angle within the linear viscoelastic region increases for both inks as the binder content 
increases, with ink A appearing more liquid-like than ink B at any binder content. However, 
the difference in phase shift angle for inks having 3-5 wt% binder was small compared to 
those with lower binder contents (< 3 wt%).  
(b5) (a5) 
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Fig. 6.7 – Phase shift as a function of shear stress for (a) ink A and (b) ink B at binder 
contents of 0 to 5 wt% 
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Hence, inks having 3 wt% binder appear optimum in this study. 
A sudden increase in the phase shift after the LVR is indicative of network structure 
breakdown, namely a transition from a solid-like to liquid-like behaviour. The figure clearly 
shows that inks without binder are dominated by liquid-like characteristics with a poor 
network structure, as shown by the higher phase shift without a pronounced LVR. The 
structure breakdown occurs at a higher applied shear stress for inks containing higher 
binder content, indicating improved bonding between ethyl cellulose chains and cermet 
particles. 
The stress at G’ = G” can be used to assess the cohesiveness of inks and pastes [27, 
28]. In the case of stencil printing, this characteristic was used to assess the flow of paste 
in and out of the stencil aperture [28]. For screen-printing, this characteristic indicates the 
ease with which ink flows through the screen apertures during printing. The shear rate at 
G’ = G” for ink B is greater than ink A at any binder content, which means that ink A can be 
more easily printed at a low squeegee load than ink B. Note that in this study both inks 
were printed at a constant squeegee load of 6 kg. 
6.3.6  Creep-recovery Test 
The creep-recovery test was used to determine the viscoelastic behaviour of inks with a 
high level of sensitivity, which did not significantly perturb the intermolecular arrangements 
of the ink [29]. This is a two-part measurement which is performed at a low constant shear 
stress (10 Pa). This test was used to study the slump characteristic of the inks, and can be 
related to the printing process and the recovery of the inks after printing. JC and JR are 
measured compliances at the end of the creep (120 s) and recovery experiments (240 s), 
respectively. The percentage of recovery, R (%), of the ink is calculated using, 
  ( )   
     
  
                                                                                                                  (6.2)                                                                                                                  
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In the case of solder paste, a maximum percentage of ink recovery of around 40-45 % was 
demonstrated by Durairaj et al. [28] and Malik et al. [22]. This recovery level showed 
minimum print defects attributed to ink bleeding compared to other paste samples with 
percentage recovery values < 40 %. Hence, in the case of screen-printing, a recovery of 
more than 40 % is expected to be sufficient to produce films with a minimum number of 
defects.  
During creep measurements, the compliance of the ink is initially dominated by the 
elastic component, followed by the viscoelastic component, and finally the viscous 
component as a result of structure breakdown [23]. In the recovery test, the percentage of 
recovery highlights the thixotropic recovery of the inks [23]. The creep-recovery results for 
inks A and B are presented in Figs. 6.8 (a) and (b), and the measured parameters are 
shown in Figs. 6.9 (a) and (b), respectively.  
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Fig. 6.8 – Creep-recovery analysis of (a) ink A (b) ink B at binder contents of 0 to 5 wt% 
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Fig. 6.9 – Measured creep and recovery parameters for (a) ink A (b) ink B 
A high value of JC implies that the sample can be easily deformed. JR values are lower 
than JC values, showing that the recovery of the samples to their original structure is not 
complete after removal of the applied stress, due to structure breakdown. The magnitudes 
of JC and JR decrease significantly with increasing binder content. For example, a 
decrease of around 70 % in the magnitudes of JC and JR was measured when the binder 
content increased from 1 to 2 wt% in both inks A and B, as shown in Fig. 6.9. Moreover, 
the percentage of ink recovery for samples having higher binder content was greater due 
to their improved elastic modulus. Ink B showed a higher percentage of recovery than ink 
A at any binder content because of its increased elastic properties. Inks without binder 
displayed a recovery percentage of < 0.2 % due to poor internal network structure. In 
general, inks with a lower compliance and high percentage of recovery are preferable to 
minimize print defects and ink bleeding, as shown by studies of solder paste [22, 28, 30]. 
The recovery for inks A and B having 1-3 wt% binder was around 12-40 and 40-64 %, 
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respectively, which suggests that inks having 3 wt% binder were optimum in terms of 
thixotropic characteristics, printability, and number of defects, compared to those with 
lower or higher binder contents for the printing conditions used in this study. The higher 
percentage of recovery of ink B is expected to produce better films with minimum defects 
compared to ink A. 
6.3.7  SEM Images of Printed Films 
Fig. 6.10 shows SEM images of dried screen-printed films of both inks with a binder 
content of 1-3 wt%. Inks having 4 and 5 wt% binder were not considered due to their high 
tackiness and viscosity. The images illustrate that surface marks increased with binder 
content, consistent with results for zirconia inks [23].  These are due to mesh-ink 
interactions arising from the greater tackiness and viscosity of the inks at higher binder 
content, leading to adhesion of the inks to the screen. Moreover, sharper edges, without 
defects caused by ink bleeding, were found for films fabricated using inks containing 3 
wt% binder compared with those fabricated using lower binder contents. The number of 
defects was lower for films fabricated using ink B than ink A, consistent with the creep-
recovery results.  
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Fig. 6.10 – SEM images of dried films fabricated using inks having (a) 1, (b) 2 and (c) 3 
wt% binder for (1) ink A and (2) for ink B 
6.3.8  Correlation between Binder-Solvent Interaction and Particle Network Strength 
within Inks 
The dispersion behavior of NiO/10Sc1CeSZ anode composite powder in terpineol and 
texanol solvents with organic additives (binder and dispersant) is generally quantified in 
terms of three interactions [31]: (i) powder-solvent, (ii) organic additives-solvent and (iii) 
organic additives-powder. The powder-dispersant-solvent interaction without binder was 
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determined to be very weak in this study, as shown in the oscillation test. However, the 
addition of binder to this system established a good particle network within the resultant 
ink. This network strength can be related to the degree of binder swelling in the 
terpineol/texanol solvent. The solvation behavior of binder in different solvents can be 
assessed by measuring the intrinsic viscosity []. This viscosity is related to the specific 
viscosity sp of the binder-solvent solution as given by the following equation; 
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Or by the following equation using inherent viscosity i; 
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o, b, r and cp in equations (6.3 – 6.7) represent the solvent viscosity, solvent-binder 
mixture viscosity, relative viscosity and concentration of polymer (e.g. mass (g) of ethyl 
cellulose binder in 100 ml solution), respectively. sp/cp or ln(r)/cp expresses the capacity 
of a polymer (in this case ethyl cellulose binder) to cause the solution viscosity to increase. 
The intrinsic viscosity can be found by extrapolating either sp/cp or ln(r)/cp to zero ethyl 
cellulose concentration. The measured viscosities of terpineol and texanol solvents at 
room temperature are 0.0445 ± 0.0008 and 0.0145 ± 0.0005 Pa.s, respectively, showing 
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that the former is more viscous than the latter. Table 6.2 presents the measured 
parameters of the mixtures over a range of binder contents. The measured average 
intrinsic viscosities of the binder-terpineol and binder-texanol systems, determined by the 
extrapolation technique using equations (11-12), are 0.8211 ± 0.0356 and 0.7819 ± 0.0717 
dl/g, respectively. This result clearly suggests that the ethyl cellulose binder (grade N7) 
preferably swells in both solvents. Moreover, the solvation of the binder in the solvents 
seems better compared to its solvation in a reported binary terpineol/butyl carbitol acetate 
solvent (ca. 0.65 dl/g) [32].  
In a poor solvent, the binder-solvent interaction is generally low, giving a smaller 
gyration size of the polymer and hence a lower intrinsic viscosity [33]. This may result in 
poor solid particle dispersion in the system, and consequently lower particle bridging. 
Particle bridging occurs through hydrogen bonding between the hydrogen group of the 
macromolecular chain of ethyl cellulose binder and oxygen on the surface of Ni, Sc, Ce 
and Zr oxide particles, which results in flocculation. The tendency for flocculation increases 
with binder content, which in turn increases the particle network strength in the inks. 
Particle bridging by hydrogen bonding between ethyl cellulose chains and NiO has been 
previously described in the case of the terpineol-ethyl cellulose-NiO system [34]. Note that 
the close intrinsic viscosity result of the binder-solvent systems studied here probably 
accounts for the comparable particle network strength within the inks fabricated using both 
terpineol and texanol solvents at equivalent binder contents, even though their viscoelastic 
properties are different. 
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Table 6.2 – Measured parameters for terpineol/texanol-ethyl cellulose system  
Terpineol-ethyl cellulose system 
Binder content 
(% w/v) 
o (Pa.s) b(Pa.s) r sp 
cp 
(g/100 ml) 
sp/cp i (ml/g) 
1 
0.0445 ± 
0.0008 
0.0996 ± 
0.0065 
2.2374 1.2374 1 1.2374 0.8053 
2 
0.0445 ± 
0.0008 
0.1781 ± 
0.0024 
4.0015 3.0015 2 3.0015 0.6933 
3 
0.0445 ± 
0.0008 
0.2981 ± 
0.0031 
6.6889 5.6989 3 5.6989 0.6340 
4 
0.0445 ± 
0.0008 
0.4725 ± 
0.0070 
10.6182 9.6182 4 9.6182 0.5906 
Texanol-ethyl cellulose system 
Binder content 
(% w/v) 
o (Pa.s) b(Pa.s) r sp 
cp 
(g/100 ml) 
sp/cp i (ml/g) 
1 
0.0145 ± 
0.0005  
0.0325 ± 
0.0004 
2.2439 1.2439 1 1.2439 0.8082 
2 
0.0145 ± 
0.0005 
0.0586 ± 
0.0002 
4.0386 3.0386 2 3.0386 0.6980 
3 
0.0145 ± 
0.0005 
0.1041 ± 
0.0001 
7.1790 6.1790 3 6.1790 0.6571 
4 
0.0145 ± 
0.0005 
0.1645 ± 
0.0002 
11.3471 10.3471 4 10.3471 0.6072 
 
6.4  Conclusions 
Table 6.3 shows the summary of results obtained in this study. Inks with 1-3 wt% binder 
were suitable for screen-printing, but inks with higher binder content were tacky and 
difficult to print at the squeegee load and printing speed of 6 kg and 0.02 m/s, respectively. 
The particle network strength, important to the production of films with good particle 
connectivity and mechanical strength, increased as the binder content increased as a 
result of improved hydrogen bonding between the ethyl cellulose binder and surface 
oxygen of the oxide powders. Increasing binder content leads to flocculation in the inks, 
limiting the applicability of inks having > 3 wt% binder for the printing conditions used in 
this study. Hence inks having 3 wt% binder showed the best balance of thixotropic and 
viscoelastic properties, resulting in printable films with minimum numbers of film defects 
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and are therefore recommended from this study, with the texanol ink appearing to be 
better than terpineol due its lower number of film defects. 
Table 6.3 – The summary of results from rheological testing 
Measured 
Parameters 
Inks 
Binder Content 
0 wt% 1 wt% 2 wt% 3 wt% 4 wt% 5 wt% 
Steady-state Test Results 
Thixotropy  A & B                        
Viscosity at shear rate 
100 s
-1 
(Pas) 
A 2.82±0.33 15.29±1.41 35.37±2.43 55.14±3.68 60.23±4.48 47.08±4.17 
B 4.24±0.44 8.72±0.74 18.18±1.08 30.24±2.73 42.12±3.56 37.35±3.38 
Experimental                         
yield stress (Pa) 
A No 40.43±3.94 106.7±5.05 152.07±4.36 198.43±3.97 242.67±7.19 
B No 77.53±2.05 154.47±6.2 263.17±5.44 429.63±3.38 475.33±4.82 
Dynamic Test Results 
 Elastic modulus, G’ 
(based on LVR, Pa) 
A 
- 
358±13 896±37 1546±101 5396±121 7447±431 
B 617±30 1158±46 1572±104 4538±101 6487±347 
Viscous modulus, G” 
(based on LVR, Pa) 
A 
- 
274±24 869±73 2014±149 6505±209 10514±798 
B 187±16 498±31 1055±114 3413±115 5719±417 
Complex modulus, G*  
(based on LVR, Pa) 
A 
- 
451±30 1248±46 2539±124 8452±181 12884±347 
B 645±34 1261±55 1893±198 5678±354 8948±542 
Particle network 
strength in inks (length 
of LVR, Pa) 
A No 32±3 80±4 150±7 353±26 552±41 
B No 30±2 82±5 153±10 350±23 545±37 
Phase shift 
o 
, tan 
-1
 
G”/G’) (based LVR) 
A 
- 
37.31±0.51 44.34±0.34 51.88±1.27 56.88±1.24 59.79±1.27 
B 16.36±0.19 25.11±0.58 33.65±0.79 37.89±1.19 40.68±1.13 
Dominated by solid (S) / 
liquid (L)-like behavior 
A L S S L  L L 
B L S S S S S 
Tackiness A & B - 
Extremely 
low 
Very low Low Very high 
Extremely 
high 
Possibility for screen-
printing 
A & B                        
Percentage of ink 
recovery (R%) 
A 0.05±0.006 12.19±1.34 28.15±2.26 40.50±0.31 43.12±0.47 47.43±1.17 
B 0.15±0.017 40.29±3.41 57.31±0.48 64.29±0.44 66.77±0.22 69.08±0.68 
Green Films 
Print defects (films of 
inks B slightly better) 
A & B - High Moderate Low - - 
Surface roughness A & B - Low Moderate High - - 
Optimum binder content A & B                              
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CHAPTER 7. 
Impact of Ink Rheology on the Properties of 
Screen Printed SOFC Anodes  
7.1  Introduction  
The rheological properties of screen-printing inks, including ink viscosity, thixotropy, and 
viscoelasticity, are very important for the production of high quality printed films [1, 2]. 
These rheological properties depend on many factors such as the particle size and 
distribution of the powder [3, 4], solid loading [5, 6] and, importantly, the ingredients of the 
ink which generally comprise solid, binder, dispersant and organic solvent [2, 5-7]. 
Generally, the processing ingredients play a critical role in controlling ink rheology, and 
hence in turn they would be expected to influence the properties of the resultant film.  
      There are many types of binders that have been used in ink formulation including 
poly(vynil butyral) (PVB) [4, 5, 8, 9], ethyl cellulose (EC) [2, 4, 5, 8] and poly(methyl 
methacrylate) (PMMA) [10]. Recently, Piao et al. [8] have used EC and PVB binders (1 
wt% of cermet powder) to study the microstructure of LSM cathode films. In this study, the 
surface porosity of the electrode films fabricated using EC and PVB was 30-40 and 10 %, 
respectively. Additionally, the former showed a homogeneous pore size distribution due to 
its linear structure. Moreover, the LSM cathode films fabricated using EC showed a lower 
polarization resistance compared to films fabricated using PVB, probably due to improved 
porosity and particle connectivity which in turn increased the triple-phase boundary (TPB) 
density of the electrode film. In the case of solvents, terpineol is commonly used to 
produce electrolyte paste  [7, 11]. However, with refer to the previous work, shown in 
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Chapter 6, terpineol and texanol were used successfully as solvents, in addition to 
ethylene cellulose as a binder, with the aim of studying the effect of both binder content 
and solvent type on the rheological properties of inks [2]. In this work, the effect of binder 
content was determined to be more significant than solvent type in establishing an 
effective particle network structure in the inks. 
In the fabrication of an electrode ink, a higher binder content (> 1 wt%) may be 
preferred to improve the porosity of the electrode film, resulting from the burnout of binder 
during sintering [7, 8]. Furthermore, a higher binder content may result in an improved 
particle network strength of the ink, as shown in [7] and [2]. These investigations revealed 
that the additional function of the binder is to improve the particle connectivity, which is 
critical in the case of the anode ink to improve particle connectivity, and subsequently 
increase both the percolated triple phase boundary length and mechanical strength of the 
anode. It is important to note that too high or too low a binder content may result in poor 
rheology (e.g. increased solid-like or liquid-like properties) which in turn affects printability 
and quality of the resultant films, as discussed in Chapter 6. Hence, an optimum binder 
content for a specific solid content should be expected. However, there have been limited 
studies that discuss the effect of ink rheology on screen-printing for solid oxide fuel cell 
fabrication, and in particular how this relates to the properties of the resultant film in both 
the green and sintered state. 
 In Chapter 6, the effect of binder content and solvent type on the rheological 
properties of NiO/10mol%Sc2O3 - 1mol%CeO2 - 89mol%ZrO2 (NiO/10Sc1CeSZ) anode 
screen-printing inks, fabricated using texanol and terpineol solvents, has been investigated. 
From the work, inks with optimum binder content and acceptable rheological properties for 
the screen-printing process itself were determined.  Hence, the objective of the present 
work was to study the impact of the binder content and solvent type on the resultant anode 
properties, correlating these to the rheological properties of the inks. Nickel/scandia-
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stabilized-zirconia (Ni/ScSZ) anodes were selected as these show promise as anodes for 
intermediate temperature SOFCs [12-14]. In this study, SEM images of printed films were 
studied and correlated to the solvent type and binder content. Finally, the effect of binder 
content and solvent type on the microstructure, mechanical strength, electrical 
performance and electrochemical performance of the anode films were investigated and 
correlated to the rheological properties of the inks. 
7.2  Experimental Procedure 
7.2.1 Powder Preparation, Ink Formulation and Rheological Measurement  
NiO/10mol%Sc2O3 - 1mol%CeO2 - 89mol%ZrO2 (NiO/10Sc1CeSZ) composite powder, 
containing 40 vol% Ni and 60 vol% 10Sc1CeSZ, was prepared by using the identical 
method that were described in section 4.2.1 (Chapter 4). The BET surface areas of NiO, 
10Sc1CeSZ and mechanically mixed NiO/10Sc1CeSZ powders were 3.1, 11.5 and 6.7 
m2/g, respectively. Further information on the characteristics of these powders has been 
presented previously in section 6.3.1 (Chapter 6). The preparation of NiO/10Sc1CeSZ 
screen-printing inks having 0-5 wt% binder using terpineol and texanol solvents were 
demonstrated in section 6.2.3 (Chapter 6) and their dynamic and static rheological 
properties  were measured at 25 oC with a Bohlin CVOR 200 rheometer (Bohlin, Malvern 
Instruments, UK) as described in section 6.2.4 (Chapter 6). 
7.2.2  Film Characterization 
The mass of wet and dry films was accurately measured using an electronic balance (± 0.1 
mg, Sartorius ED2245-AG). The particle packing density of the wet films (
w
) and green 
films (
d
) was then determined using the following equations [15]. This equation is derived 
based on the density and mass of ingredients in the inks. 
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where, 
md = mass of dry film (g) 
mw = mass of wet film (g) 
powder = density of NiO/10Sc1CeSZ powder (40 vol% Ni) (6.34 g/cm
3) 
solvent = density of terpineol (0.934 g/cm
3) or texanol (0.95 g/cm3) 
dd = thickness of green film (cm) 
S = area of printed film (1 cm2) 
The wet and green densities were evaluated by taking the average values of mass and 
thickness from three films fabricated under identical screen-printing conditions (print speed 
= 0.02 m/s, squeegee load = 6 kg, number of passes = 2).  
The morphology of green, sintered and reduced anode films including the cross 
section of the green films were characterized by scanning electron microscopy (JEOL 
JSM-5610LV SEM). The accelerating voltage was set at 20 kV and the samples were gold 
coated prior to analysis.  
The mechanical hardness of green, sintered and reduced films fabricated using inks A 
and B was tested using an instrumented micro-indenter (MHT, CSM Instruments, Peseux, 
Switzerland). The green films were tested using a cono-spherical diamond indenter with a 
tip radius of 195.3 m (a loading force of 300 mN was applied resulting in indents ~ 2 μm 
deep) while the sintered and reduced films were tested using a Vickers diamond indenter 
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(loading forces of 400, 700 and 1000 mN were applied resulting in indents between 1.3 
and 4.5 μm deep). These test loads were selected to minimise errors associated with small 
indentations on a porous surface but also to ensure that load was not so high that the hard 
substrate introduced a measurement bias. This was established by observing the effect on 
hardness of increasing indentation load from 100 mN to 12 N. The test load was steadily 
applied over 30 s, held for 10 s, and then removed over 30 s. One green film and one 
sintered film were tested using a 600 s hold period to check whether measurements were 
influenced by creep. The applied load and the displacement of the indenter into the 
surface were recorded allowing hardness values to be calculated using the Oliver and 
Pharr method [16]. No variation in hardness was observed for the different loading forces. 
Measurements were taken from two films and an average value of hardness was 
calculated from between 22 and 30 valid indentations for each processing condition. 
      All the Ni/10Sc1CeSZ anode films, fabricated using inks containing binder in the range 
of 0 to 5 wt%, were sintered at 1350 oC for 1 h before reducing the anodes under a mixture 
of hydrogen (10%) and nitrogen (90%) after humidifying the mixture at room temperature. 
In this study, the reduction process was carried out at 800 oC for 2 h. The DC 4-point 
electrical conductivity of the reduced anodes was collected using the van der Pauw 
technique from an in-house built apparatus (using four-probe DC testing) connected to an 
AUTOLAB PGSTAT30 fitted with General Purpose Electrochemical System (GPES) 
(Autolab, EcoChemie, Netherlands). All the measurements were performed from RT to 
1000 oC under a mixture dry hydrogen (10%) and dry nitrogen (90%). 
      AC impedance measurements were carried out using an Autolab PGSTAT30 coupled 
with a frequency response analyser (FRA) (Autolab, EcoChemie, Netherlands) over the 
frequency range of 0.01 Hz to 0.1 MHz under an applied voltage amplitude of 10 mV. The 
measurement was performed using symmetrical cells (1 cm2) of Ni-
10Sc1CeSZ/10Sc1CeSZ/Ni-10Sc1CeSZ in the temperature range of 600 to 800 oC under 
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a 97%H2–3%H2O and 49%H2–48%N2–3%H2O gas atmosphere, respectively. The data 
acquired from the impedance testing were analyzed using ZView-Software. 
7.3  Results and Discussion 
7.3.1  Summary of Ink Rheological Properties 
In previous chapters, a series of rheological tests was performed using inks A (terpineol 
ink) and B (texanol ink) over a range of binder contents [2]. Among the tests performed 
were steady-state, oscillatory amplitude stress sweep (dynamic) and creep-recovery tests. 
Based on the tests, only inks having 1-3 wt% were found suitable for screen-printing for 
the printing conditions used in the study, with inks having 3 wt% binder being determined 
to be the most optimum as summarized in Table 7.1.  
The steady-state test revealed that the thixotropic properties of the inks increased with 
increasing binder content. In general, the viscosity and yield stress of both inks A and B 
increased with binder content due to improved particle association. The particle network 
strength in the inks, measured from the dynamic test, also increased with increasing 
binder content as shown by the increased moduli (G’, G” and G*) which explained why the 
optimum binder content is very important for the production of crack-free films with 
improved particle connectivity. However, the particle network strength in inks A and B 
seems comparable, showing that the effect of binder content is more significant than 
solvent type in establishing a particle network within the inks. This comparable network 
strength can be related to the comparable intrinsic viscosities of the binder-solvent 
systems as reported in previous study [2]. The internal network strength is mainly due to 
hydrogen bonding between the hydrogen group of the ethyl cellulose binder and surface 
oxygen on the oxide powders (Ni, Sc, Ce and Zr).  
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Table 7.1 – Summary of ink rheological properties and resultant green films [2] 
Measured Parameters Inks 
Binder Content 
1 wt% 2 wt% 3 wt% 
Steady-state Test Results 
Thixotropy  A & B   
Viscosity at shear rate 100 s
-1 
(Pas) 
A 15.29±1.41 35.37±2.43 55.14±3.68 
B 8.72±0.74 18.18±1.08 30.24±2.73 
Experimental yield stress (Pa) 
A 40.43±3.94 106.7±5.05 152.07±4.36 
B 77.53±2.05 154.47±6.2 263.17±5.44 
Dynamic Test Results 
 Elastic modulus, G’ (based on 
LVR, Pa) 
A 358±13 896±37 1546±101 
B 617±30 1158±46 1572±104 
Viscous modulus, G” (based on 
LVR, Pa) 
A 274±24 869±73 2014±149 
B 187±16 498±31 1055±114 
Complex modulus, G*  (based on 
LVR, Pa) 
A 451±30 1248±46 2539±124 
B 645±34 1261±55 1893±198 
Particle network strength (length 
of LVR, Pa) 
A 32±3 80±4 150±7 
B 30±2 82±5 153±10 
Percentage of ink recovery (R%) 
A 12.19±1.34 28.15±2.26 40.50±0.31 
B 40.29±3.41 57.31±0.48 64.29±0.44 
Applicability for screen-printing A & B   
Green Films 
Print defects (films of inks B 
slightly better) 
A & B High Moderate Low 
Surface roughness A & B Low Moderate High 
Optimum binder content A & B    
 
The resultant green films exhibited a smaller number of print defects at higher binder 
content (3 wt%) than those with lower binder contents due to a higher percentage of ink 
recovery. Further investigation of the effect of binder content and solvent type on the 
microstructure, mechanical hardness, electrical and electrochemical performance of the 
resultant films fabricated using the inks were carried out and related to their rheological 
properties as described in the following sections. 
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7.3.2  Characterization of Green Films 
Fig. 7.1 provides the SEM images of dried screen-printed films of inks A and B as a 
function of binder content over the range of 1 to 3 wt%. Inks having 4 and 5 wt% binder 
were not considered as screen-printing was difficult due to their high tackiness and 
viscosity. The images clearly illustrate that the surface roughness, indicated by surface 
marks, increased with increasing binder content. The increased surface roughness reflects 
the increased elastic properties (G’) of the inks at higher binder content. However, the 
surface roughness seems slightly higher in the case of films fabricated using inks B due to 
their increased solid-like behaviour. The effect of the mesh wires on the surface 
morphology can be clearly seen with increasing binder content, being related to the gap 
and pattern of the wires as shown by Phair et al. [11] in the case of zirconia inks.   
A typical cross-section area of screen-printed films fabricated using inks A and B is 
illustrated in Fig. 7.2. The figure shows that the average thickness of the films increased 
with increasing binder content as summarized in Table 7.2. The improved elastic 
properties of the inks at higher binder content are the most probable explanation for the 
increase in the film thickness. Also, the table shows that the thickness of the films 
fabricated using ink B is slightly greater than ink A probably because the former is more 
elastic (greater G’) than the latter at any binder content. 
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Fig. 7.1 – SEM images of dried films fabricated using (1) ink A and (2) ink B having (a) 1, 
(b) 2 and (c) 3 wt% binder. 
(a1) 
(c2) (c1) 
(b2) (b1) 
(a2) 
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Fig. 7.2 – Cross section of dried films fabricated using (1) ink A and (2) ink B having (a) 1, 
(b) 2 and (c) 3 wt% binder 
 
 
 
(a1) 
(c2) (c1) 
(b2) (b1) 
(a2) 
230 
Table 7.2 – Thickness of green films fabricated using inks A and B 
Binder content 
(wt%) 
Green film thickness (m) 
Ink A Ink B 
1 9.65 ± 0.12 10.09 ± 0.42 
2 10.07 ± 0.23 10.52 ± 0.25 
3 10.57 ± 0.25 11.12 ± 0.26 
 
Furthermore, the wet packing and green densities of the resultant films increased with 
increasing binder content as presented in Fig. 7.3.  However, the densities of the films 
fabricated using inks A and B are close to each other at any binder content, showing that 
the effect of binder content is more critical than solvent type in increasing film density. This 
is important in improving particle connectivity, and consequently the mechanical strength 
in the resultant films. 
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Fig. 7.3 – Wet packing density and green density of films fabricated using (a) ink A and (b) 
ink B having 1-3 wt% binder 
7.3.3  Microstructure of Sintered and Reduced Films 
Figs. 7.4 and 7.5 show the SEM images of Ni/10Sc1CeSZ cermet films fabricated using 
inks A and B having 1-3 wt% binder, respectively. All the films were sintered at 1350 oC for 
1 h followed by reduction under a mixture of wet hydrogen (10%) and wet nitrogen (90%) 
at 800 oC for 2 h. From the figures, it is clear that the porosity of the films slightly increases 
with increasing binder content. The improved porosity can be attributed to binder burnout 
during sintering of the films, as shown by the SEM images of sintered and reduced films.  
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Fig. 7.4 – SEM images of (1) sintered and (2) reduced films fabricated using ink A having 
(a) 1 (b) 2 and (c) 3 wt% binder 
(a1) 
(c2) (c1) 
(b2) (b1) 
(a2) 
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Fig. 7.5 – SEM images of (1) sintered and (2) reduced films fabricated using ink B having 
(a) 1 (b) 2 and (c) 3 wt% binder 
The surface porosity of the sintered and reduced films was determined to be in the 
range of 8-11 and 25-28 %, respectively, as summarized in Table 7.3. Not only does the 
higher binder content increase the porosity of the films but it also increases particle 
connectivity, as shown by the slightly improved particle packing in the reduced films. The 
improved particle connectivity in the films can be related to the improved particle network 
(a1) (a2) 
(b2) (b1) 
(c2) (c1) 
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strength in the inks at higher binder content, as revealed in the oscillation test. Hence, a 
combination of the improved film porosity and particle connectivity at higher binder content 
(3 wt%) is expected to produce a cermet anode with improved electrical and 
electrochemical performance. 
Table 7.3 – Porosity of sintered and reduced films as a function of binder content 
Binder content 
(wt%) 
Surface porosity of films (%) 
Sintered Reduced 
Ink A Ink B Ink A Ink B 
1 8.3 ± 1.6 8.1 ± 1.6 25.2 ± 2.5 25.1 ± 1.3 
2 9.4 ± 1.9 9.3 ± 1.7 26.2 ± 1.4 26.4 ± 1.6 
3 11.6 ± 1.6 11.0 ± 1.6 28.1 ± 1.8 28.2 ± 1.4 
 
7.3.4  Mechanical Properties of Films 
The effect of binder content and solvent type on the mechanical hardness of green, 
sintered and reduced films was investigated. The marks left on the surface of films 
fabricated using inks A and B having 1 and 3 wt% binders in addition to their average load-
depth curves after indentation are shown in APPENDIX C. The mechanical hardness 
values are used to differentiate their mechanical strength as displayed in Figs. 7.6 (a), (b) 
and (c) for green, sintered and reduced films fabricated using inks A and B at different 
binder contents. The figure generally shows that the hardness of the films increases with 
increasing binder content due to improved film density, as shown in Fig. 7.3. This result 
clearly reveals that the improved particle network strength in the inks at higher binder 
content (as confirmed in the oscillation and creep-recovery tests) resulted in improved film 
density and consequently, increased film mechanical strength.  
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Fig. 7.6 – Mechanical hardness of (a) green, (b) sintered and (c) reduced films fabricated 
using inks A and B 
In addition, the figure indicates that the hardness values of films fabricated using inks A 
and B are close to each other at any identical binder content which again consistent with 
the comparable particle network strength in the inks at identical binder content as shown in 
Table 7.1. Obviously, binder content plays a critical role in improving the mechanical 
strength of the resultant films compared to solvent type which has only a minor effect.  
It is important to note that the film porosity causes scatter in the hardness values, 
especially in the case of sintered and reduced films indented with a sharp Vickers indenter 
- as shown by the greater standard deviation for those samples compared to the green 
films. Also, the hardness values of the reduced films are lower than the sintered films due 
to the fact that the former is more porous than the latter. To ensure that sample creep had 
not unduly influenced hardness measurements, the creep rate estimated from the 600 s 
hold period was multiplied by the sample contact stiffness and compared with the 
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unloading rate [17]. In this case, the elastic moduli and hardness of the samples are not 
greatly influenced by creep as the creep rate was small. For example, the estimated creep 
rate for the green and sintered samples fabricated using ink B having 1 wt% binder was 
0.138, and 0.020 nm/s, respectively; whilst the sample contact stiffnesses were 1.881 and 
2.031 mN/nm, respectively. Hence, the products of creep rate and contact stiffness for the 
green and sintered samples are 0.26 and 0.04 mN/s, respectively. These values are both 
much smaller than the respective loading rates of 10 and 33.3 mN/s, and clearly show that 
the effect of creep on the elastic moduli and hardness of the samples is negligible. The 
increased mechanical strength is important as it improves the durability of the anode 
during operation. 
7.3.5  Electrical Performance of Films 
The DC electrical conductivity of Ni/10Sc1CeSZ films fabricated using inks A and B having 
1-3 wt% binder was measured under a mixture of dry hydrogen (10%) and dry nitrogen 
(90%) over a range of temperature as shown in Figs. 7.7 (a) and (b), respectively. Before 
this measurement, all the samples were sintered at 1350 oC for 1 h followed by reduction 
under a mixture of wet hydrogen (10%) and wet nitrogen (90%) at 800 oC for 2 h. As 
shown in the figure, the conductivity increases with increasing binder content due to 
improved Ni-Ni particle connectivity, as confirmed from the SEM images of reduced films 
shown in Fig. 7.4. The improved particle connectivity at higher binder content is attributed 
to the improved elastic property of the ink, which in turn increased the particle network 
structure strength in the ink, leading to improved particle connectivity in the resultant films. 
Also, the conductivities of films fabricated using inks A and B are close to each other. This 
close result is consistent with the oscillation test results which showed comparable particle 
network strength in both types of the inks at any identical binder content. Moreover, this 
result is consistent with the conclusion that the effect of binder content is more significant 
than solvent type in establishing a particle network in the inks. 
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Fig. 7.7 – DC electrical conductivity as a function of temperature for the films fabricated 
using (a) ink A and (b) ink B having 1, 2 and 3 wt% binder and measured under a mixture 
of dry hydrogen (10%) and dry nitrogen (90%) 
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7.3.6  Electrochemical Performance of Films 
Fig. 7.8 demonstrates the electrochemical impedance spectra (EIS) of anodes as a 
function of binder content prepared using inks A (terpineol ink) and B (texanol ink) at 750 
oC at different hydrogen concentrations. As can be seen from the figure, there are two 
processes at the specific temperature that can be identified at mid (100 Hz) and low (2 Hz) 
frequencies which are commonly attributed to charge transfer and gas diffusion through 
the porous media, respectively. Obviously, the hydrogen concentration has a significant 
effect on the “diffusion” impedance while the charge transfer process is affected to a much 
lesser extent.  
 
 
Fig. 7.8 – EIS spectra of Ni/10Sc1CeSZ anodes fabricated using (a) ink A and (b) ink B at 
750 ⁰C with different binder content at (1) 49% H2-48%N2-3%H2O and (2) 97% H2-3%H2O 
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In order to calculate the exact values of charge transfer and diffusion impedances, the EIS 
spectra were fitted with equivalent circuits (Fig. 7.9) using ZView software (Scribner Inc). 
The equivalent circuit in Fig. 7.9 (A) was used to fit data at low to intermediate 
temperatures. In addition to charge transfer (R_ct) and diffusion (R_diff) it contains a third 
element (R_elec) due to the noticeable electrolyte resistance which completely diminishes 
at higher temperatures where only two elements can be discerned (Fig. 7.9 B). 
 
Fig. 7.9 – Equivalent circuits used to fit data in temperature range of (A) 600 -700 ⁰C and 
(B) 750-800 ⁰C 
The values of total polarization which is a sum of charge transfer and diffusion 
resistances calculated from fitted data at different temperatures, binder content and 
hydrogen concentration for anodes fabricated using ink B are given by Fig. 7.10. Clearly, 
the higher binder content is responsible for lower polarization at any tested temperature 
and hydrogen concentration, though the difference becomes smaller as the temperature 
rises. As expected, the total polarization is lower at higher hydrogen concentration as a 
result of enhanced hydrogen mass transport. 
A B 
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Fig. 7.10 – Total polarization resistance of Ni/10Sc1CeSZ anodes at various temperatures 
and binder contents at (a) 49% H2-48%N2-3%H2O and (b) 97% H2-3%H2O 
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Fig. 7.11 presents the values of charge transfer resistance at different temperatures, 
binder content and hydrogen concentration for anodes fabricated using ink B. 
Unsurprisingly it follows the same pattern as the total polarization – samples prepared with 
higher binder content are characterized by lower charge transfer resistance. Thus both 
diffusion and charge transfer resistances are strongly affected by binder content. It is 
highly likely that the higher binder content improves the interconnection between metal-
metal and metal oxide particles (as proved in the oscillation and creep-recovery tests) [2]. 
Consequently, the overall volume of active triple-phase boundaries grew and therefore 
charge transfer resistance decreased. Moreover, the samples with higher binder content 
showed slightly improved porosity as a result of binder burnout during the sintering (see 
Fig. 7.4) and this would improve the gas diffusion through the porous media and 
consequently lower the diffusion impedance. The results of impedance responses for the 
samples prepared using ink A also exhibited a comparable response in which the charge 
transfer and diffusion resistances decreased as the binder content increased. 
Fig. 7.12 demonstrates the comparison of total polarisation and charge transfer 
resistances at a temperature of 750 oC as a function of binder content and hydrogen 
concentration for samples prepared using inks A and B. As indicated in the figure, the 
differences in resistances for samples prepared from different types of solvents are small 
but not negligible and therefore should also be taken into consideration. In general, the 
total polarization of the samples prepared using the two types of solvent are close to each 
other at any identical binder content and consistent with the comparable particle network 
strength quantified from the oscillation test. However, it seems that the solvent has a minor 
effect on the charge transfer resistance at higher hydrogen concentration – samples 
prepared using texanol inks featured a lower charge transfer resistance at any binder 
content. 
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Fig. 7.11 – Charge transfer resistance of Ni/10Sc1CeSZ anodes at various temperatures 
and binder contents at (a) 49% H2-48%N2-3%H2O and (b) 97% H2-3%H2O 
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Fig. 7.12 – Total polarization and charge transfer resistances at 750 oC of Ni/10Sc1CeSZ 
anodes prepared using inks A and B as a function of binder content at (a) 49% H2-48%N2-
3%H2O and (b) 97% H2-3%H2O 
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A possible explanation of such behavior can be related to the difference in boiling points of 
texanol (b.p. 254 oC) and terpineol (b.p. 219 oC) solvents. During sintering the samples 
prepared using texanol inks hence experienced longer particle-binder interaction which 
could have resulted in better inter-particle adhesion and therefore a higher volume of triple 
phase boundaries and lower charge transfer resistance. Another reason for the behavior 
could be related to the difference in the thickness of the resultant film. As shown in Table 
7.3, the thickness of films fabricated using ink B (texanol) were slightly higher than that 
fabricated using ink A (terpineol). Hence, the bulk triple phase boundary volume of the 
former may be slightly higher than the latter, lowering the charge transfer resistance. 
7.4  Conclusions 
The effects of binder content and solvent type on the rheological properties of NiO/ScSZ 
screen-printing inks, and their impact on the resultant SOFC anode films, have been 
studied. As confirmed from the rheological properties, the particle network strength in 
terpineol and texanol inks increased with increasing binder content. However, this network 
strength appeared comparable in both inks, indicating that the impact of binder content is 
more significant than the solvent type in establishing a particle network in the inks, 
certainly for the solvents studied here. The properties of green, sintered and reduced 
cermet films were characterized and related to the rheological results. The thickness and 
surface roughness of dried green films increased with increasing binder content due to 
improved elastic properties in the inks. Moreover, the mechanical hardness of green, 
sintered and reduced films was greater at higher binder content as a result of improved 
particle connectivity and density in the resultant films. This result is further supported by 
the improved DC electrical conductivity of the reduced films with increasing binder content. 
Furthermore, the lowest total electrode polarization resistance was obtained for the films 
fabricated using inks having 3 wt% binder. This result suggests that the triple phase 
boundary length per unit volume increased with increasing binder content due to a 
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combination of improved particle connectivity and porosity. However, the properties of 
green, sintered and reduced films fabricated using both inks A and B appeared close to 
each other, indicating that the effect of binder content is more significant compared to 
solvent type in this study. In conclusion, from the perspective of both ink rheology and 
anode performance, inks with 3 wt% binder were determined optimum in this study. 
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CHAPTER 8. 
Effect of Solid Content on Ink Rheology, and 
properties of the Resultant Screen-Printed 
SOFC Anodes  
8.1  Introduction 
As described in Chapter 6, the ingredients used in the fabrication of screen-printing inks 
play a critical role in adjusting the dynamic and static rheological properties of the inks for 
the production of high quality printed films. It is clear that the particle network strength 
within the inks and viscosity of the inks increase with increasing binder content. However, 
the effect of solvent type on establishing a strong particle network within the inks was 
determined to be minimum, as confirmed by the comparable length of linear viscoelastic 
region (LVR) in Fig. 6.7 (Chapter 6). Furthermore, the improved network strength within 
the inks resulted in improved particle connectivity, mechanical strength, electrical 
performance and electrochemical performance of the resultant anode films, as discussed 
in Chapter 7. Other than the binder content and solvent type, the solid content is another 
important parameter which may influence the rheology of the inks and consequently, the 
properties of the resultant anode films. 
It is important to note that the maximum acceptable solid content is dependent on the 
particle size and distribution of powder in addition to the composition and type of binder 
and solvent type used in the ink formulation. For instance, Reid et al. [1] have produced 
inks using two types of yttria stabilized zirconia (YSZ) electrolyte powders having surface 
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area of 4.31 (d50 = 0.56 m) and 6.01 (d50 = 0.37 m)  m
2/g, respectively. In this study, the 
maximum acceptable solid content in the inks fabricated using the electrolyte powders with 
the low and high surface areas was determined as 50 and 45 vol%, respectively. However, 
the viscosity of the resultant inks varied with the binder type and specific surface area of 
the powders at identical solid, solvent and binder contents in the inks. Powders with an 
extremely high surface area may significantly limit the powder content in the inks and this 
may result in cracks in the resultant films, as shown in Chapter 5. It is, therefore, 
necessary to find the right balance between powder content and ink composition (binder, 
solvent and dispersant) to produce high quality films without cracks. 
In addition, Dollen et al. [2] have demonstrated rheological studies on the YSZ inks 
fabricated using three types of vehicles with different viscosity, namely A, B and C (vehicle 
is a mixture of solvent and binder). The study showed that inks fabricated using vehicle C 
displayed the lowest viscosity followed by that fabricated using vehicles B and A, 
respectively. Also, the study predicted that inks having more than 40 vol% solid content 
were difficult to print, suggesting 40 vol% powder was the maximum acceptable. The study 
also demonstrated that the solvent type is another important factor in determining the 
maximum allowable solid content of a screen-printing ink.  
In the fabrication of an electrolyte ink, a low binder content (< 1 wt% of powder) [1, 3] 
is generally used to produce dense films without defects or pinholes after binder burnout. 
However, in the case of electrode inks, higher binder content (> 1 wt% of powder) may be 
preferred to improve the electrode porosity after the binder burnout [4, 5]. The improved 
porosity is important to enhance the number of triple phase boundary sites of the electrode 
and consequently lower the electrode polarization resistance, as demonstrated in the case 
LSM and LSM-YSZ cathodes [6] and in NiO/ScSZ anodes [4, 5]. As a result of the high 
binder content in the ink formulation, the solid loading may also need to be reduced in 
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order to control the rheology of the inks for screen-printing. Hence, the balance between 
the solid loading and binder content is important in ink formulation to obtain inks with 
acceptable rheological properties and improved particle network strength. These may lead 
to the production of high quality films with improved particle connectivity, mechanical 
strength and triple phase boundary length.  
The principal purpose of the present work was to study the effect of solid content on 
the rheological properties of NiO/10mol%Sc2O3 - 1mol%CeO2 - 89mol%ZrO2 
(NiO/10Sc1CeSZ) anode screen-printing ink using anhydrous terpineol, ethylene cellulose, 
Hypermer KD15 as a solvent, binder and dispersant, respectively. These rheological 
studies were performed using steady state (viscosity as a function of shear rate), dynamic 
(oscillation amplitude stress sweep), and creep-recovery tests. The steady-state test is 
used to study the thixotropic and viscosity properties of the inks while the oscillation test is 
generally used to characterize the viscoelastic effect of the inks represented by their 
elastic (G’), viscous (G’’) and complex (G*) moduli. In addition, SEM images of dried 
printed films were studied and correlated to the solid content. Finally, the effects of solid 
content on the microstructure, mechanical strength, electrical performance and 
electrochemical performance of the anode films were investigated and correlated to the 
rheological properties of the inks. 
8.2  Experimental Procedure 
8.2.1  Powder and Screen-Printing Ink Preparation 
NiO/10mol%Sc2O3 - 1mol%CeO2 - 89mol%ZrO2 (NiO/10Sc1CeSZ) composite powder, 
containing 40 vol% Ni and 60 vol% 10Sc1CeSZ, was prepared by using the identical 
method that were described in section 4.2.1 (Chapter 4). The BET surface areas of NiO, 
10Sc1CeSZ and mechanically mixed NiO/10Sc1CeSZ powders were 3.1 (d50 = 0.528 m), 
11.5 (d50 = 2.547 m) and 6.7 m
2/g (d50 = 2.463 m), respectively. Further information on 
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the characteristics of these powders has been presented previously in section 6.3.1 
(Chapter 6). 
      The ingredients that were used in all the NiO/10Sc1CeSZ screen-printing inks are 
listed in Table 8.1. The amount of binder used in this study was 2 wt% of the cermet 
powder, and dissolved in the required solvent separately. The final solid content of inks 
was 20, 25, 28, 31 and 34 vol%, respectively, with 2.5 mg/m2 dispersant - based on the 
specific surface area of the cermet powder. The mixture of the ingredients was 
homogenized using a triple roll mill (EXAKT 80E, Germany). 
Table 8.1 – Ingredients used in the formulation of screen-printing inks  
Ingredients Type 
Solvent Anhydrous Terpineol 
Binder Ethyl cellulose N7 grade 
Dispersant Hypermer KD15 
Solid NiO/10Sc1CeSZ 
 
8.2.2  Rheological Measurement 
A series of rheological tests were performed at 25 oC with a Bohlin CVOR 200 rheometer 
(Bohlin, Malvern Instruments, UK) using parallel plates (diameter = 40 mm and gap = 150 
m). Among the tests performed in this study were steady-state, yield stress, oscillatory 
amplitude stress sweep, and creep-recovery tests. Further information on these can be 
found in section 6.2.4 (Chapter 6). 
8.2.3  Fabrication of Films by Screen-Printing 
In this study, anode films were screen-printed onto 10Sc1CeZ pellets using a screen 
printer (SMTech 90 Series). The printing speed and squeegee load with were fixed at 0.02 
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m/s and 6 kg, respectively. The screen mesh type, squeegee length and snap-off used for 
the film fabrication were 325, 5 in and 2.0 mm, respectively.    
8.2.4  Film Characterization 
The identical methods that were described in section 7.2.2 (Chapter 7) were used in this 
study to examine the following film properties as a function of solid content: 
i) the particle packing density of the wet films (
w
) and green films (
d
),  
ii) the morphology of green, sintered and reduced anode films,  
iii) the cross section of the green films,  
iv) the mechanical hardness of green, sintered and reduced anode films,  
v) the DC 4-point electrical conductivity of reduced anode films, and  
vi) the AC impedance of reduced symmetrical anode films.  
8.3  Results and Discussion 
8.3.1  Rheological Properties of Inks 
The steady-state properties (e.g. thixotropy and viscosity) of inks as a function of solid 
content are presented in Fig. 8.1. The hypothetical structural changes induced by the 
controlled shear rates applied by the rheometer on the NiO/ScSZ inks in this study are 
expected to be comparable with the structural changes in NiO/ScSZ inks at different binder 
contents, as described in section 6.3.2 (Chapter 6). However, in this study the increasing 
solid content shows more interaction between the ethyl cellulose chains and cermet 
particles as shown by the increased viscosity in Fig. 8.1. All inks show shear thinning 
behavior at high shear rates (> 0.1 s-1) due to ordering effect of particle agglomerates and 
this action consequently reduces the viscosity of the inks. As the shear rate is decreased, 
the chains begin to re-coil, but they are constrained by the anode particle bonding with 
ethyl cellulose chains. 
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Fig. 8.1 – Viscosity of inks against shear rate 
The thixotropic properties, represented by the area of the hysteresis loop between the 
up and down sweep, increased with increasing solid content. These properties are 
important to improve film surface leveling after screen-printing [4, 7]. Fig. 8.2 displays the 
viscosity at the shear rate of 100 s-1 and the yield stress of inks having 20-35 vol% solid. 
The figure shows that both the viscosity and yield stress constantly increase with 
increasing solid content due to improved particle association and consistent with the 
results obtained over a range of binder contents as described in Chapter 6. Recently, a 
study has reported that YSZ inks having viscosity in range of 4-12 Pa.s at the shear rate of 
100 s-1 are generally suitable for screen-printing [1]. However, this study predicted that this 
range of viscosity is rather low, in addition to having limited thixotropic properties for 
screen-printing application, for example, in the case of inks having 20 vol% solid. 
Therefore, based on this study, the viscoelastic properties (e.g. viscous and elastic moduli) 
of the inks are important additional indicators of screen-printability, as also shown in 
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Chapter 6 based on binder content. Additionally, the different composition of ingredients, 
especially the binder and solid content, used in the electrode and electrolyte ink 
formulations can have significant impact on the overall rheological properties of the inks. 
 
Fig. 8.2 – Viscosity and yield stress of inks as a function of solid content 
     The dynamic test results obtained via the oscillation amplitude stress sweep test are 
demonstrated in Fig. 8.3.  The figure shows that the linear viscoelastic region (LVR) and 
moduli (elastic,G’ and viscous, G”) increased as the solid content increased, indicating 
improved particle network strength within the inks. A sudden drop in moduli after the LVR 
is indicative of network structure breakdown, namely a transition from a solid-like to liquid-
like behaviour. The measured LVR for inks having 20, 25, 28, 31 and 35 vol% solid are 
below 10, 35, 80, 230 and 360 Pa, respectively. Based on this and previous studies, inks 
having a LVR in the range of 100-200 Pa are expected to maintain a good particle network 
structure in addition to the production of high quality films with minimum defects. The 
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elastic and viscous moduli of the inks measured in the linear region is summarized in Fig. 
8.4.  
 
Fig. 8.3 – The oscillatory amplitude stress sweep test results 
In general, the solid-like (G’) and liquid-like (G”) property is a function of solid content, 
and the solid-like property seems dominant in inks having more than 25 vol% solid. As 
revealed in Chapter 6, the magnitude of G’ is more significant than G” in determining the 
overall ink rheology, especially elasticity. Normally, the complex modulus (G*) is used to 
represent the overall elasticity and tackiness of an ink. According to this study, inks having 
G* in the range of 500-4000 Pa are expected to be suitable for screen-printing application, 
consistent with the previous results based on binder content, shown in Chapter 6 at 
identical printing conditions. Inks having 20 and 34 vol% solid were too liquid-like (G* < 
500) and tacky (G* > 4000), respectively, for effective screen-printing. In addition, the 
former is readily flowable on the screen while the latter easily hung up on the squeegee 
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during screen-printing, unwanted characteristics for screen-printing applications as 
demonstrated in Fig. 8.5. Therefore, the minimum and maximum acceptable solid content 
based on this study were determined as 25 and 30 vol%, respectively. Within this range,  
the acceptable yield stress of the inks were determined to fall between 50-150 Pa, 
consistent with the range predicted based on terpineol inks over a range of binder contents 
as demonstrated in Chapter 6 at identical printing conditions. 
 
Fig. 8.4 – The elastic and viscous moduli measured from the linear viscoelastic region 
       
(a) (b) 
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Fig. 8.5 – Printing trials using inks having (a) 20, (b) 25, (c) 28, (d) 31 and (e) 35 vol% solid 
The creep-recovery test is used to study the slump characteristics of the inks and can 
be related to the printing process and recovery of the inks after printing. JC and JR are 
measured compliances at the end of the creep (120 s) and recovery experiments (240 s), 
respectively. The percentage of recovery, R (%), of the ink is calculated using, 
  ( )   
     
  
                                                                                                       (8.1)                                                                                                           
The creep-recovery test results for the inks and the summary of the results are shown in 
Fig. 8.6 and Table 8.2, respectively. The table shows that JR and JC decrease with 
increasing solid content, indicating strong particle association in the inks. A high value of 
JR implies that the sample can be easily deformed. The percentage of ink recovery is 
closely related to the elastic property of the inks and this value increased with increasing 
(c) 
(e) 
(d) 
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solid content. In general, inks with a percentage of recovery of 40-65 % are expected to 
produce films with reduced defects resulting from ink bleeding as reported in the previous 
study based on binder content [4, 5] and by several solder paste studies [8, 9]. Also, the 
table clearly reveals that the recovery for inks having 20 and 34 vol% solid is too low (too 
liquid-like behaviour) and high (too elastic behaviour), respectively, indicating that these 
inks are not suitable for screen-printing. In this regard, inks having solid in the range of 28-
30 vol% are determined the most suitable for screen-printing for the production of high 
quality films with small numbers of print defects for the printing conditions used in this 
study. 
 
Fig. 8.6 – The creep-recovery test results 
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Table 8.2 – Summary of the creep-recovery test results 
Measured 
parameters 
Solid content (vol%) 
20 25 28 31 35 
JC (1/Pa) 
8.33 x 10
-1
 ± 
5.95 x 10
-2
 
2.23 x 10
-2
 ± 
9.12 x 10
-4
 
2.93 x 10
-3
 ± 
1.61 x 10
-4
 
1.06 x 10
-3
 ± 
4.83 x 10
-5
 
2.59 x 10
-4
 ± 
3.89 x 10
-6
 
JR (1/Pa) 
7.99 x 10
-1
 ± 
5.87 x 10
-2
 
1.44 x 10
-2
 ± 
5.24 x 10
-4
 
1.43 x 10
-3
 ± 
7.29 x 10
-5
 
3.56 x 10
-4
 ± 
1.58 x 10
-5
 
6.10 x 10
-5
 ± 
3.70 x 10
-6
 
R (%) 3.97 ± 0.24 35.15 ± 2.18 51.78 ± 0.29 66.47 ± 2.79 76.47 ± 1.32 
 
8.3.2  Properties of Green Films 
Fig. 8.7 illustrates the SEM images of cross section and dried screen-printed films 
fabricated using inks having 25-31 vol% solid. Inks with a solid content outside the range 
were not considered as screen-printing inks due to their very low/high tackiness and 
viscosity, as confirmed in the rheological studies. From the figure, the average thickness of 
the films fabricated using inks of 25, 28 and 31 vol% solid was determined as 9.11 ± 0.26, 
10.12 ± 0.31 and 11.03 ± 0.35 m, respectively. This increase in thickness can be related 
to the improved elastic properties of the inks with increasing solid content and is consistent 
with the results based on previous work [4, 5]. Not only do the improved elastic properties 
increase the film thickness, but the properties also increase the surface roughness of the 
resultant films with increasing solid content, as shown Fig. 8.7. The increased surface 
roughness is attributed to the adhesion of the inks to the screen mesh wires, resulting in 
surface marks after printing, as reported by other studies [4, 5, 10]. However, the surface 
marks are not expected to effect the performance of the anodes as confirmed in previous 
work on binder content [4, 5]. Moreover, increasing the solid content in the inks led to 
increased wet packing and green densities of the films as presented in Fig. 8.8. The 
increased densities related to improved particle connectivity in the resultant films, 
reflecting the improved particle network strength within the inks resulting from improved 
elastic properties at higher solid content. Similar properties were reported in the study 
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based on binder content as discussed in Chapter 7. This is important to improve the 
mechanical strength of the resultant films. 
      
      
      
Fig. 8.7 – SEM images of (1) cross section and (2) dried films fabricated using inks having 
(a) 25 (b) 28 and (c) 31 vol% solid 
(a1) (a2) 
(b2) (b1) 
(c1) (c2) 
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Fig. 8.8 – Density and hardness of green films as a function of solid content 
8.3.3  Microstructure of Sintered and Reduced Films 
The microstructure of sintered and reduced Ni/10Sc1CeSZ anode films as a function of 
solid content is shown in Fig. 8.9 and their corresponding surface porosity measured using 
at least three different images are listed in Table 8.3. The films were sintered at 1350 oC 
for 1 h followed by reduction under a mixture of wet hydrogen (10%) and wet nitrogen 
(90%) at 800 oC for 2 h. The figure shows that the particle connectivity increased with 
increasing solid content indicated by improved particle packing in the reduced films. Even 
though the film surface porosity slightly decreased with increasing solid content, the overall 
film porosity is expected to be comparable due to the fact that the binder and Ni contents 
in the ink formulation are kept constant. The improved particle connectivity in the films can 
be related to the improved particle network strength and elastic properties in the inks at 
higher solid content as revealed in the dynamic test, consistent with the previous study 
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based on binder content [4, 5]. Hence, inks with an optimum solid content and improved 
particle connectivity are important to improve the mechanical strength and the electrical 
and electrochemical performance of the resultant anodes. 
      
      
      
Fig. 8.9 – SEM images of (1) sintered and (2) reduced films fabricated using inks having 
(a) 25 (b) 28 and (c) 31 vol% solid 
 
(a1) 
(c2) 
(b2) 
(a2) 
(c1) 
(b1) 
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Table 8.3 – Porosity of sintered and reduced films as a function of solid content 
Solid content Surface porosity of films (%) 
(vol%) Sintered Reduced 
25 9.5 ± 0.6 28.5 ± 1.1 
28 8.8 ± 0.5 26.4 ± 1.8 
31 8.2 ± 0.7 25.4 ± 1.2 
 
8.3.4  Mechanical Properties of Films 
The mechanical hardness of green, sintered and reduced films as a function of solid 
content was studied by the micro-indentation technique. The marks left on the surface of 
these films and their corresponding average load-depth curves after the indentation 
process are comparable with the results obtained from the films fabricated using terpineol 
and texanol inks at different binder contents as presented in APPENDIX C. The calculated 
hardness values of the films are presented in Fig. 8.10 in which the hardness results 
increase as the solid content increases in all cases except in the case of sintered films. 
This inconsistent result in the case of sintered films is most probably due to measurement 
error as confirmed from the increased hardness and density values of green and reduced 
films. This result is further supported by the consistent increase in hardness values of 
green, sintered and reduced films fabricated using terpineol and texanol inks as shown in 
Fig. 7.8 (Chapter 7).  
In general, the increase in film hardness can be related to the increased particle 
network strength within the inks at higher solid content (as confirmed from the oscillation 
test) which resulted in improved film density and consequently, increased the film 
mechanical strength. The figure also indicates that the hardness of sintered films was 
greater than reduced films, because the latter are more porous than the former.  
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Fig. 8.10 – Mechanical hardness of (a) green, (b) sintered and (c) reduced films as a 
function of solid content 
Generally, the presence of porosity in the films may cause scatter in the hardness values 
and lead to a higher standard deviation. This may explain why the standard deviation of 
the values in the case of sintered and reduced films indented with a sharp Vickers’s 
indenter was greater in comparison to that seen for green films. The effect of creep on the 
elastic moduli and hardness of the samples is expected to be minimum, as confirmed for 
films fabricated using terpineol and texanol inks at different binder contents and described 
in Chapter 7. Films with improved mechanical strength are generally preferable to improve 
the durability of anodes during operation. 
8.3.5  Electrical Performance of Films 
The impact of solids content on the DC electrical conductivity of reduced Ni/10Sc1CeSZ 
cermet films measured over a range of temperature is revealed in Fig. 8.11. As shown in 
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the figure, the conductivity increased with increasing solid content due to improved Ni-Ni 
particle connectivity as shown in the SEM images of the reduced films in Fig. 8.9. The 
improved electrical conductivity is consistent with the improved particle network strength 
within the inks as the solid content increases. Similar behavior has been reported in the 
previous chapter based on binder content, in which the electrical conductivity increased 
with increasing binder content due to the improved particle network strength within the inks 
[4, 5].  
 
Fig. 8.11 – DC electrical conductivity as a function of temperature for the films fabricated 
using inks having 25-31 vol% solid   
8.3.6  Electrochemical Performance of Films 
Fig. 8.12 presents the EIS spectra of anodes with different solids content at 750 oC and 
two hydrogen concentrations, respectively. At least two processes can be identified 
occurring at mid (100 Hz) and low frequency (2 Hz) regions which are commonly attributed 
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to charge transfer and gas diffusion, respectively. As revealed in Fig. 8.12, the hydrogen 
concentration has a significant impact on the “diffusion” impedance (higher at 49% H2) 
while the charge transfer process seems to be affected less significantly. It appears that 
the solid content affects both charge transfer and diffusion, and therefore the total 
polarization of the anodes.  
The exact values of charge transfer and diffusion impedances from the EIS spectra 
were calculated by fitting the identical equivalent circuits shown in Fig. 7.9 (Chapter 7) 
using ZView software (Scribner Inc). As described in section 7.3.6 (Chapter 7), the 
equivalent circuit shown in Fig. 7.9 (A) was used to fit data measured at temperatures in 
the range of 600-700 oC due to the noticeable electrolyte resistance (R_elec) while the 
equivalent circuit shown in Fig. 7.9 (B) was used to fit data without electrolyte resistance (> 
700 oC). For example, Fig. 8.13 displays the calculated total polarisation, charge transfer 
and diffusion resistances for the EIS spectra shown in Fig. 8.12 using the equivalent circuit 
shown in Fig. 7.12 (B). 
 
Fig. 8.12 –  EIS spectra of Ni/10Sc1CeSZ anodes at 750 oC as a function of solid content 
at (a) 49%H2-48%N2-3%H2O and (b) 97%H2-3%H2O 
 
 268 
 
 
Fig. 8.13 – Total polarization, charge transfer and diffusion resistances at 750 oC of 
Ni/10Sc1CeSZ anodes as a function of solid content at (a) 49% H2-48%N2-3%H2O and (b) 
97% H2-3%H2O 
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Fig. 8.14 – Total polarization of Ni/10Sc1CeCeSZ anodes at various temperatures and 
solids content at (a) 49%H2-48%N2-3%H2O and (b) 97%H2-3%H2O 
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The effect of the solid content on total anode polarization is demonstrated by Fig. 8.14. 
As indicated, anodes with the highest solid content (31 vol%) exhibited the lowest 
polarization resistance over a wide range of temperatures and hydrogen concentrations. 
As expected, the total polarization resistance is lower at higher hydrogen concentration as 
a result of enhanced hydrogen mass transport. For a given percentage of solids, the lower 
the solid content the higher is the total polarization resistance. It is highly likely that the 
higher solid content improves the interconnection between metal-metal and metal oxide 
particles (as proved in the oscillation and creep-recovery tests) and consequently, the 
overall volume of active triple-phase boundaries increased, and charge transfer resistance 
accordingly decreased. 
8.4  Conclusions 
The effect of solids content (20-34 vol%) on the rheological properties of NiO/10Sc1CeSZ 
screen-printing inks, and characterization of the resultant SOFC anode films, have been 
studied at identical printing conditions. Steady-state tests revealed that the thixotropic 
properties and viscosity of inks increased with increasing solid content. The improved 
thixotropic properties are important to improve surface leveling of the resultant films. 
Dynamic (oscillation) tests were performed on these inks in order to characterize the 
particle network strength and viscoelastic properties (e.g. elastic/solid-like and 
viscous/liquid-like properties) of the inks. These revealed that the particle network strength 
and moduli of the inks increased with increasing solid content as a result of improved 
particle association. Based on this study, a complex modulus (G*) of inks, which 
represents the overall elasticity and tackiness of the inks, in the range of 500-4000 Pa is 
expected to be suitable for screen-printing application. Therefore, the minimum and 
maximum acceptable solid content in this study were determined to be 25 and 30 vol%, 
respectively. The percentage of ink recovery for inks having 25, 28 and 31 vol% solid was 
35, 51 and 66 %, respectively. This recovery ranging from 40-65 % is expected to be 
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sufficient to produce quality films with minimum number of print defects. Furthermore, the 
density of the resultant green films increased with increasing solid content as a result of 
improved particle connectivity in the films. This is further supported by the improved 
mechanical hardness of green, sintered and reduced films. The improved particle 
connectivity was confirmed by the increased DC electrical conductivity of the reduced films 
as a function of solids content. In terms of electrochemical performance, the electrode 
polarization resistance of symmetrical cells measured using 10Sc1CeSZ electrolyte in the 
range of 600-800 oC, consistently decreased with increasing solid content, perhaps due to 
improved triple phase boundary length in the films. In conclusion, from the perspective of 
ink rheology, screen-printability and anode performance, inks having 28-30 vol% solids are 
determined the most optimum and suitable for the production of quality anode films with a 
thickness of around 10 m. 
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CHAPTER 9. 
Conclusions and Future Work 
9.1  Conclusions 
In this thesis, scandia stabilized zirconia (ScSZ) has been chosen as an electrolyte to 
fabricate nickel/scandia-stabilized-zirconia (Ni/ScSZ) cermet anodes for intermediate 
temperature SOFCs (< 800 oC) due to their higher ionic conductivity compared to other 
zirconia electrolytes. This may offer some advantages such as improved electrochemical 
activity in the Ni/ScSZ cermet, especially at lower temperatures. Furthermore, Ni/ScSZ 
anodes have shown improved tolerance towards carbon deposition and sulphur poisoning 
in addition to improved durability when compared to conventional nickel/yttria-stabilized-
zirconia (Ni/YSZ) anodes. However, there have to date been limited studies into the 
relationship between the materials used, the processing conditions, and the properties and 
performance of Ni/ScSZ anodes.  
The effect of nickel content and sinter temperature on the electrical conductivity of 
Ni/ScSZ cermet anodes has been investigated. This revealed a sharp change in electrical 
conductivity at around 30 vol% Ni, corresponding to a change from ionic conduction to 
electronic conduction as the percolation of the nickel phase reached a critical value (e.g. > 
30 vol %), and the electrical conductivity increased as the sinter temperature increased 
from 1250 to 1350 oC. This is consistent with the behavior of equivalent Ni/YSZ cermet 
anodes. Overall, Ni/ScSZ anodes, having 40 vol% Ni, have been found optimum in terms 
of porosity, electronic conductivity and electrode polarization resistance. Furthermore, the 
anodes exhibited improved tolerance towards carbon deposition compared to Ni/YSZ at 
intermediate temperature (700 oC). 
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The production of extremely high surface area powders of NiO (201 m2/g) and 8YSZ 
(127 m2/g) in a single step has been conducted via a novel continuous hydrothermal flow 
synthesis (CHFS) system. The surface areas of NiO/8YSZ composite powders prepared 
by the mechanical mixing of these synthesized powders were significantly higher (143-166 
m2/g) compared to those prepared using commercial powders (8-9 m2/g). However, the 
very high surface area of the composite powders led to a low powder content (< 50 wt%) in 
the fabricated inks and consequently, the resultants films showed a large number of cracks 
after drying and sintering including delamination in some cases. This was due to a low 
particle packing density in the resultant films. Hence, powders with a very high surface 
area are not suitable for the fabrication of screen-printing inks despite their excellent 
characteristics over the commercial powders in improving particle connectivity in the 
resultant films. 
The study of the rheological properties and fabrication of NiO/ScSZ screen-printing 
inks represents the large part of this thesis. In this work, the effects of solvent type 
(terpineol and texanol), binder (ethyl cellulose) content and solid (NiO/ScSZ power with a 
surface area of 6.7 m2/g) content on the rheological properties of NiO/ScSZ screen-printing 
inks have been studied by evaluating the thixotropic properties, yield stress and 
viscoelastic properties of the inks. The study indicated improved thixotropic properties, 
yield stress and particle network strength within the inks as the binder and solid contents 
increased. These improved properties can be related to better particle bridging within the 
inks. The Ink recovery percentage of 40 to 65 % was determined sufficient for the 
production of quality films with minimum defects. From the study, inks having 26 vol% solid 
with 3 wt% binder or 28-30 vol% solid with 2 wt% binder were determined as optimum. The 
solvent type was determined to have only a small impact compared to the binder and solid 
contents in improving the particle network strength within the inks. 
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The impact of solvent type, binder content and solid content on the properties of the 
resultant green, sintered and reduced films has been characterized and related to the 
rheological results. The thickness and surface roughness of dried green films increased 
with increasing binder and solid contents due to improved elastic properties in the inks. 
Moreover, the mechanical hardness of green, sintered and reduced films was greater at 
higher binder and solid contents as a result of improved particle connectivity and density in 
the resultant films. This result is further supported by the improved electrical and 
electrochemical performance of the reduced films with increasing binder and solid 
contents, suggesting that the triple phase boundary volume increased with increasing 
binder and solid contents due to a combination of improved particle connectivity and 
porosity. However, the properties of the films fabricated using terpineol and texanol inks 
appeared close to each other, indicating that the effect of binder and solid contents are 
more significant compared to solvent type in this study. In conclusion, the film properties 
obtained in this work are consistent with the conclusions drawn from the ink rheology work, 
and from the perspective of ink rheology, screen-printability and anode performance; 
namely inks having 26 vol% solid with 3 wt% binder or 28-30 vol% solid with 2 wt% binder 
are determined the most optimum and suitable for the production of quality anode films 
with a thickness of around 10 m. 
9.2  Future Work and Recommendations 
The research that has been presented in this thesis, especially ink rheological studies, can 
be used to study the rheological properties of cathode and electrolyte screen-printing inks 
for SOFC applications in the future. From the rheological studies conducted to date, it has 
been shown that the ingredients used in the fabrication of electrode and electrolyte inks 
can significantly affect the rheological properties of the inks. For example, the different 
binder content used in the fabrication of electrode (< 1 wt%) and electrolyte (> 1 wt%) inks 
may have different impact on the static and dynamic properties of the inks. Hence, it is 
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necessary to study thoroughly the effect of solvent type, dispersant type and content, 
binder type and content and solid content on the properties of electrode and electrolyte 
inks. Furthermore, the effect of powder properties such as particle size and distribution are 
also very critical in the fabrication of screen-printing inks. In the case of powders with an 
extremely high surface area, the processing parameters need to be investigated carefully 
for the production of crack-free films in the future.  
The redox cycling of Ni/ScSZ anodes is another research area planned for future 
study, with the aim of investigating the impact of ink processing conditions on the 
degradation of electronic conductivity, electrochemical performance and mechanical 
strength of the anodes. These properties can then be related to the microstructure change 
and delamination behavior of the anode films.    
There is also the potential to extend the approach developed here to lithium-ion 
battery applications, where rheological studies can be used to explore the slurry properties 
of lithium-ion battery composite electrodes. The slurry, which comprises ingredients such 
as water, an active material of LiFePO4, a conductive additive (carbon black), a nonionic 
surfactant (e.g. isooctylphenylether of polyoxyethylene), a binder (e.g. polyvinyl alcohol) 
and a thickener (e.g. CMC: 0.7 carboxyl unit per molecule cellulose) play a critical role in 
controlling the viscoelastic properties of the slurry for the production of high quality 
electrodes by tape casting onto an aluminum current collector. For example, the thickener 
type and content significantly influence the solid-like and liquid-like properties of the slurry. 
Slurries with weak particle bridging as a result of increased liquid-like behavior may result 
in poor electrochemical performance. This poor electrochemical performance may also be 
related to the settling of heavy particles of LiFePO4. Hence, it is necessary to investigate 
the optimal and stable condition of the slurry based on the steady-state and dynamic 
rheological properties.  
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APPENDIX A 
A.1  Analysis of Commercial Powder of 10Sc1CeSZ 
EDS Spectrum 
 
Elemental composition based on EDS analysis: 
2Sc2O3 → 4Sc + 3O2 
ZrO2 → Zr + O2 
CeO2 → Ce + O2 
HfO2 → Hf + O2 
Spectrum 
Wt % 
Total 
O Sc Zr Ce Hf 
Spectrum 1 47.8459 5.2580 45.6708 0.9978 0.2274 100 
Spectrum 2 52.2345 4.7616 42.0267 0.8821 0.0951 100 
Spectrum 3 55.1001 4.5931 39.4008 0.7818 0.1242 100 
Spectrum 4 51.7219 4.9785 42.0302 1.0323 0.2371 100 
Spectrum 5 57.3574 4.3443 37.8050 0.4365 0.0569 100 
Spectrum 6 49.3217 5.0394 44.1756 1.0269 0.4364 100 
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Spectrum 
Atomic % 
Total 
O Sc Zr Ce Hf 
Spectrum 1 82.6902 3.2340 13.8437 0.1969 3.52E-02 100 
Spectrum 2 85.0596 2.7595 12.0031 0.1640 1.39E-02 100 
Spectrum 3 86.5374 2.5533 10.7945 0.1394 1.75E-04 100 
Spectrum 4 84.7839 2.9043 12.0838 0.1932 3.48E-02 100 
Spectrum 5 87.4498 2.3572 10.1093 0.0760 7.78E-03 100 
Spectrum 6 83.5686 3.0387 13.1278 0.1987 6.63E-02 100 
 
Spectrum 
Mol 
Sc Zr Ce Hf Sc2O3 ZrO2 CeO2 HfO2 
Spectrum 1 0.1170 0.5006 0.0071 0.0013 0.0585 0.5006 0.0071 0.0013 
Spectrum 2 0.1059 0.4607 0.0063 0.0005 0.0530 0.4607 0.0063 0.0005 
Spectrum 3 0.1022 0.4319 0.0056 0.0007 0.0511 0.4319 0.0056 0.0007 
Spectrum 4 0.1107 0.4607 0.0074 0.0013 0.0554 0.4607 0.0074 0.0013 
Spectrum 5 0.0966 0.4144 0.0031 0.0003 0.0483 0.4144 0.0031 0.0003 
Spectrum 6 0.1121 0.4843 0.0073 0.0024 0.0560 0.4843 0.0073 0.0024 
 
Spectrum 
Mol % 
Sc2O3 ZrO2 CeO2 HfO2 
Spectrum 1 10.30% 88.22% 1.25% 0.22% 
Spectrum 2 10.17% 88.51% 1.21% 0.10% 
Spectrum 3 10.44% 88.28% 1.14% 0.14% 
Spectrum 4 10.55% 87.79% 1.40% 0.25% 
Spectrum 5 10.36% 88.90% 0.67% 0.07% 
Spectrum 6 10.19% 88.03% 1.33% 0.44% 
Average 10.34% 88.29% 1.17% 0.21% 
 
Theoretical density of commercial powder of 10Sc1CeSZ: 
 
 
Formula MW of MW of No. of metal No. of oxygen No. of moles No. of moles No. of moles Atomic weight
metal (g/mol) oxygen (g/mol) atoms atoms of each compound of metal of oxygen of metal
after normalization
ZrO2 91.224 16 1 2 0.8829 0.8829 1.7658 322.161
Sc2O3 44.956 16 1 1.5 0.1034 0.1034 0.1551 18.589
CeO2 140.12 16 1 2 0.0117 0.0117 0.0234 6.547
HfO2 178.49 16 1 2 0.0021 0.0021 0.0041 1.470
1.0000 1.0000
1.9483 124.692
473.460
Theoretical density, r  (g/cm3)
6.02E+23
5.09E-08
5.954
Total moles
Total moles of oxygen
Sum of atomic weight
Avogadro's number
Lattice parameters (cm)   a =
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A.2  Analysis of Commercial Powder of 10ScSZ 
EDS Spectrum 
 
2Sc2O3 → 4Sc + 3O2 
ZrO2 → Zr + O2 
HfO2 → Hf + O2 
Spectrum 
Wt % 
Total 
O Sc Zr Hf 
Spectrum 1 52.3098 4.8204 42.6800 0.1898 100 
Spectrum 2 53.9223 4.7061 41.1573 0.2143 100 
Spectrum 3 48.6342 5.2237 45.7933 0.3488 100 
Spectrum 4 53.0905 4.9854 41.7584 0.1657 100 
Spectrum 5 52.9455 4.7495 42.2705 0.0346 100 
 
Spectrum 
Atomic % 
Total 
O Sc Zr Hf 
Spectrum 1 85.1277 2.7758 12.1124 2.77E-06 100 
Spectrum 2 85.8159 2.6654 11.4881 3.06E-02 100 
Spectrum 3 83.0557 3.1748 13.7162 5.34E-02 100 
Spectrum 4 85.3496 2.8523 11.7742 2.39E-02 100 
Spectrum 5 85.3235 2.7239 11.9476 5.00E-03 100 
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Spectrum 
Mol 
Sc Zr Hf Sc2O3 ZrO2 HfO2 
Spectrum 1 0.1072 0.4679 0.0014 0.0536 0.4679 0.0014 
Spectrum 2 0.1047 0.4512 0.0015 0.0523 0.4512 0.0015 
Spectrum 3 0.1162 0.5020 0.0025 0.0581 0.5020 0.0025 
Spectrum 4 0.1109 0.4578 0.0012 0.0554 0.4578 0.0012 
Spectrum 5 0.1056 0.4634 0.0002 0.0528 0.4634 0.0002 
Average 0.1089 0.4684 0.0014 0.0545 0.4684 0.0014 
 
Spectrum 
Mol % 
Sc2O3 ZrO2 HfO2 
Spectrum 1 10.25% 89.49% 0.26% 
Spectrum 2 10.36% 89.33% 0.30% 
Spectrum 3 10.33% 89.23% 0.44% 
Spectrum 4 10.78% 88.99% 0.23% 
Spectrum 5 10.23% 89.72% 0.05% 
Average 10.39% 89.35% 0.26% 
 
Theoretical density of commercial powder of 10ScSZ: 
 
 
 
 
 
 
 
Formula MW of MW of No. of metal No. of oxygen No. of moles No. of moles No. of moles Atomic weight
metal (g/mol) oxygen (g/mol) atoms Aaoms of each compound of metal of oxygen of metal
after normalization
ZrO2 91.224 16 1 2 0.8935 0.8935 1.7871 163.023
Sc2O3 44.956 16 1 1.5 0.1039 0.1039 0.1559 9.342
HfO2 178.49 16 1 2 0.0026 0.0026 0.0051 0.915
1.0000 1.0000
1.9480 62.337
235.618
Lattice Parameters (cm)      a=
Theoretical Density, r  (g/cm3)
5.17E-08
5.852
                                         b=
6.03E+23
3.59E-08
3.59E-08
Sum of atomic weight
Avogadro's Number
Total Moles
Total Moles of Oxygen
                                         c=
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A.3  Analysis of Commercial Powder of 8YSZ 
EDS Spectrum:   
 
Elemental composition based on EDS analysis: 
2Y2O3 → 4Y + 3O2 
ZrO2 → Zr + O2 
HfO2 → Hf + O2 
Spectrum 
Wt % 
Total 
O Y Zr Hf 
Spectrum 1 37.1009 10.0777 52.1128 0.7086 100 
Spectrum 2 38.4184 9.6768 51.1279 0.7770 100 
Spectrum 3 38.5422 9.2695 51.5408 0.6476 100 
Spectrum 4 37.4852 9.7084 52.2585 0.5479 100 
Spectrum 5 37.6172 9.3952 51.9455 1.0422 100 
 
Spectrum 
Atomic % 
Total 
O Y Zr Hf 
Spectrum 1 77.1041 3.7689 18.9950 0.1320 100 
Spectrum 2 78.0914 3.5397 18.2274 0.1416 100 
Spectrum 3 78.1662 3.3830 18.3331 0.1177 100 
Spectrum 4 77.3737 3.6062 18.9188 0.1014 100 
Spectrum 5 77.5421 3.4851 18.7803 0.1926 100 
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Spectrum 
Mol 
Y Zr Hf Y2O3 ZrO2 HfO2 
Spectrum 1 0.1134 0.5713 0.0040 0.0567 0.5713 0.0040 
Spectrum 2 0.1088 0.5605 0.0044 0.0544 0.5605 0.0044 
Spectrum 3 0.1043 0.5650 0.0036 0.0521 0.5650 0.0036 
Spectrum 4 0.1092 0.5729 0.0031 0.0546 0.5729 0.0031 
Spectrum 5 0.1057 0.5694 0.0058 0.0528 0.5694 0.0058 
 
Spectrum 
Mol % 
Y2O3 ZrO2 HfO2 
Spectrum 1 8.97% 90.40% 0.63% 
Spectrum 2 8.79% 90.51% 0.70% 
Spectrum 3 8.40% 91.02% 0.58% 
Spectrum 4 8.66% 90.85% 0.49% 
Spectrum 5 8.41% 90.66% 0.93% 
Average 8.65% 90.69% 0.67% 
 
Theoretical density of commercial powder of 8YSZ: 
 
 
 
 
 
 
 
 
Formula MW of MW of No. of metal No. of oxygen No. of moles No. of moles No. of moles Atomic weight
metal (g/mol) oxygen (g/mol) atoms atoms of each compound of metal of oxygen of metal
after normalization
ZrO2 91.224 16 1 2 0.9069 0.9069 1.8138 330.918
Y2O3 88.906 16 1 1.5 0.0865 0.0865 0.1297 30.745
HfO2 178.49 16 1 2 0.0067 0.0067 0.0133 4.758
1.0000 1.0000
1.9568 125.233
491.654
Theoretical density, r  (g/cm3) 5.995
Total moles
Total moles of oxygen
Sum of atomic weight
Avogadro's number 6.02E+23
Lattice parameters (cm)         a = 5.14E-08
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A.4  Analysis of Synthesized Nano-Sized Powder of 8YSZ 
EDS Spectrum:   
 
Elemental composition based on EDS analysis: 
2Y2O3 → 4Y + 3O2 
ZrO2 → Zr + O2 
Spectrum 
Wt % 
Total 
O Y Zr 
Spectrum 1 23.0953 11.1608 65.7439 100 
Spectrum 2 24.0280 11.1799 64.7921 100 
Spectrum 3 23.6080 11.2308 65.1612 100 
Spectrum 4 23.8771 11.3308 64.7921 100 
Spectrum 5 23.7289 11.1099 65.1612 100 
 
Spectrum 
Atomic % 
Total 
O Y Zr 
Spectrum 1 63.0419 5.4826 31.4755 100 
Spectrum 2 64.2390 5.3791 30.3819 100 
Spectrum 3 63.7056 5.4540 30.8403 100 
Spectrum 4 64.0475 5.4698 30.4827 100 
Spectrum 5 63.8610 5.3809 30.7580 100 
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Spectrum 
Mol 
Y Zr Y2O3 ZrO2 
Spectrum 1 0.1255 0.7207 0.0628 0.7207 
Spectrum 2 0.1257 0.7103 0.0629 0.7103 
Spectrum 3 0.1263 0.7143 0.0632 0.7143 
Spectrum 4 0.1274 0.7103 0.0637 0.7103 
Spectrum 5 0.1250 0.7143 0.0625 0.7143 
 
Spectrum 
Mol % 
Y2O3 ZrO2 
Spectrum 1 8.01% 90.00% 
Spectrum 2 8.13% 89.73% 
Spectrum 3 8.12% 89.79% 
Spectrum 4 8.23% 89.61% 
Spectrum 5 8.04% 89.88% 
Average 8.11% 89.80% 
 
Theoretical density of synthesized nano-sized powder of 8YSZ: 
 
 
 
 
 
 
 
 
Formula MW of MW of No. of metal No. of oxygen No. of moles No. of moles No. of moles Atomic weight
metal (g/mol) oxygen (g/mol) atoms atoms of each compound of metal of oxygen of metal
after normalization
ZrO2 91.224 16 1 2 0.8980 0.8980 1.7960 327.677
Y2O3 88.906 16 1 1.5 0.0811 0.0811 0.1216 28.838
0.9791 0.9791
1.9176 122.729
479.244
5.863
Total moles
Total moles of oxygen
Sum of atomic weight
Avogadro's number 6.02E+23
Lattice parameters (cm)      a = 5.14E-08
Theoretical density, r  (g/cm3)
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A.5  Analysis of Commercial Powder of NiO 
EDS Spectrum: 
 
2NiO → Ni + O2 
  Wt %  
Total 
Spectrum O Ni 
Spectrum 1 25.9136 74.0864 100 
Spectrum 2 24.5266 75.4734 100 
Spectrum 3 24.2546 75.7454 100 
Spectrum 4 22.8091 77.1909 100 
Spectrum 5 21.1881 78.8119 100 
 
 
Atomic % Mol % 
Spectrum O Ni NiO 
Spectrum 1 56.2083 43.7917 100.00% 
Spectrum 2 54.3902 45.6098 100.00% 
Spectrum 3 54.0241 45.9760 100.00% 
Spectrum 4 52.0230 47.9770 100.00% 
Spectrum 5 49.6615 50.3385 100.00% 
 
 
Average 100.00% 
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Theoretical density of commercial powder of NiO: 
 
A.6  Analysis of Synthesized Nano-Sized Powder of NiO 
EDS Spectrum: 
 
2NiO → Ni + O2 
2Fe2O3 → 4Fe + 3O2 
Spectrum 
Wt % 
Total 
O Fe Ni 
Spectrum 1 21.2531 0.2263 78.5206 100 
Spectrum 2 25.7600 0.1623 74.0777 100 
Spectrum 3 23.0459 0.1515 76.8025 100 
Spectrum 4 22.5401 0.2618 77.1981 100 
Spectrum 5 24.1345 0.1675 75.6981 100 
 
 
 
Formula MW of MW of No. of metal No. of oxygen No. of moles No. of moles No. of moles Atomic weight
metal (g/mol) oxygen (g/mol) atoms atoms of each compound of metal of oxygen of metal
after normalization
NiO 58.693 16 1 1 1.0000 1.0000 1.0000 234.772
1.0000 1.0000
1.0000 64.000
298.772
6.727
Total moles
Total moles of oxygen
Sum of atomic weight
Avogadro's number 6.02E+23
Lattice parameters (cm)   a = 4.19E-08
Theoretical density, r  (g/cm3)
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Spectrum 
Atomic % 
Total 
O Fe Ni 
Spectrum 1 49.7550 0.1518 50.0932 100 
Spectrum 2 56.0081 0.1011 43.8908 100 
Spectrum 3 52.3548 0.0986 47.5466 100 
Spectrum 4 51.6356 0.1718 48.1926 100 
Spectrum 5 53.8586 0.1071 46.0344 100 
 
Spectrum 
mol 
Fe Ni Fe2O3 NiO 
Spectrum 1 0.0041 1.3378 0.0020 2.6756 
Spectrum 2 0.0029 1.2621 0.0015 2.5242 
Spectrum 3 0.0027 1.3085 0.0014 2.6171 
Spectrum 4 0.0047 1.3153 0.0023 2.6306 
Spectrum 5 0.0030 1.2897 0.0015 2.5795 
 
Spectrum 
Mol % 
Fe2O3 NiO 
Spectrum 1 0.08% 99.92% 
Spectrum 2 0.06% 99.94% 
Spectrum 3 0.05% 99.95% 
Spectrum 4 0.09% 99.91% 
Spectrum 5 0.06% 99.94% 
Average 0.07% 99.93% 
 
Theoretical density of synthesized nano-sized powder of NiO: 
 
 
 
 
Formula MW of MW of No. of metal No. of oxygen No. of moles No. of moles No. of moles Atomic weight
metal (g/mol) oxygen (g/mol) atoms atoms of each compound of metal of oxygen of metal
after normalization
NiO 58.693 16 1 1 0.9993 0.9993 0.9993 234.616
Fe2O3 55.845 16 1 1.5 0.0007 0.0007 0.0010 0.148
1.0000 1.0000
1.0003 64.021
298.786
Lattice parameters (cm)  a = 4.19E-08
Theoretical density, r  (g/cm3) 6.742
Total moles
Total moles of oxygen
Sum of atomic weight
Avogadro's number 6.02E+23
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APPENDIX B 
B.1  BET Surface Area of NiO/10Sc1CeSZ Composite Powders  
BET Analyzer Setting: 
Analysis Adsorptive: N2 
Analysis Bath Temp.: -195.850 °C 
Thermal Correction: No 
Sample Mass: 0.9980 g Warm Free Space: 17.4303  cm³ Measured 
Cold Free Space: 50.7602 cm³ Equilibration Interval: 10 s 
Low Pressure Dose: None Automatic Degas: Yes 
    
 
a) 10 vol% Ni – 90 vol% ScCeSZ 
 
BET Surface Area: 9.8120 ± 0.0848 m²/g 
Slope: 
0.440752 ± 0.003758 
g/cm³ STP 
Y-Intercept: 
0.002909 ± 0.000764 
g/cm³ STP 
C: 152.520436 
Qm: 2.2540 cm³/g STP 
Correlation Coefficient: 0.9998910 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.09197532 2.310463484 0.043840404 
0.135199766 2.500911607 0.06251177 
0.188406288 2.716778588 0.085448112 
0.241126233 2.924610383 0.108644289 
0.294032856 3.128251391 0.13314036 
 
 
b)  20 vol% Ni – 80 vol% ScCeSZ 
 
BET Surface Area: 8.1450 ± 0.0539 m²/g 
Slope: 0.529427 ± 0.003463 g/cm³ STP 
Y-Intercept: 0.005035 ± 0.000704 g/cm³ STP 
C: 106.147342 
Qm: 1.8710 cm³/g STP 
Correlation Coefficient: 0.9999358 
Molecular Cross-Sectional Area: 0.1620 nm² 
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Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.092464 1.877879 0.054255 
0.135169 2.037109 0.076724 
0.188286 2.223879 0.104305 
0.241101 2.4048 0.13211 
0.294004 2.58209 0.16128 
 
 
c)  30 vol% Ni – 70 vol% ScCeSZ 
 
BET Surface Area: 7.3008 ± 0.0468 m²/g 
Slope: 0.591275 ± 0.003745 g/cm³ STP 
Y-Intercept: 0.004987 ± 0.000762 g/cm³ STP 
C: 119.571560 
Qm: 1.6771 cm³/g STP 
Correlation Coefficient: 0.9999398 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.092909 1.700281 0.06024 
0.135275 1.838959 0.085068 
0.188362 2.002214 0.11591 
0.241175 2.16234 0.146983 
0.293976 2.320372 0.179446 
 
 
d)  40 vol% Ni – 60 vol% ScCeSZ 
 
BET Surface Area: 6.6597 ± 0.0379 m²/g 
Slope: 0.645238 ± 0.003645 g/cm³ STP 
Y-Intercept: 0.008422 ± 0.000742 g/cm³ STP 
C: 77.611277 
Qm: 1.5298 cm³/g STP 
Correlation Coefficient: 0.9999521 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.09304 1.495136 0.068613 
0.135191 1.629936 0.095908 
0.188323 1.790413 0.129589 
0.241103 1.945284 0.163319 
0.29398 2.095412 0.198715 
 
 
e)  50 vol% Ni – 50 vol% ScCeSZ 
 
BET Surface Area: 6.0006 ± 0.0409 m²/g 
Slope: 0.719412 ± 0.004847 g/cm³ STP 
Y-Intercept: 0.006054 ± 0.000987 g/cm³ STP 
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C: 119.830117 
Qm: 1.3784 cm³/g STP 
Correlation Coefficient: 0.9999319 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.093402 1.397721 0.073709 
0.135365 1.512408 0.103516 
0.188438 1.646834 0.140993 
0.241183 1.777311 0.178832 
0.294047 1.907043 0.218414 
 
 
f)  60 vol% Ni – 40 vol% ScCeSZ 
 
BET Surface Area: 5.4491 ± 0.0363 m²/g 
Slope: 0.791650 ± 0.005215 g/cm³ STP 
Y-Intercept: 0.007234 ± 0.001062 g/cm³ STP 
C: 110.434937 
Qm: 1.2517 cm³/g STP 
Correlation Coefficient: 0.9999349 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.093605 1.263182 0.081755 
0.135449 1.366662 0.114637 
0.188448 1.490586 0.155782 
0.241187 1.610747 0.19733 
0.294043 1.729026 0.240896 
 
 
B.2  BET Surface Area of NiO/10ScSZ Composite Powders  
a)  10 vol% Ni – 90 vol% ScSZ 
 
BET Surface Area: 8.2130 ± 0.0479 m²/g 
Slope: 0.553018 ± 0.003359 g/cm³ STP 
Y-Intercept: 0.005297 ± 0.000683 g/cm³ STP 
C: 105.402724 
Qm: 1.7911 cm³/g STP 
Correlation Coefficient: 0.9999447 
Molecular Cross-Sectional Area: 0.1620 nm² 
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Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.092449 1.796501 0.056703 
0.134756 1.949003 0.079909 
0.188109 2.127069 0.108925 
0.242054 2.304016 0.138608 
0.293835 2.471314 0.168372 
 
 
b)  20 vol% Ni – 80 vol% ScSZ 
 
BET Surface Area: 7.6029 ± 0.0567 m²/g 
Slope: 0.565649 ± 0.004187 g/cm³ STP 
Y-Intercept: 0.006923 ± 0.000853 g/cm³ STP 
C: 82.702738 
Qm: 1.7465 cm³/g STP 
Correlation Coefficient: 0.9999178 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.094372 1.718212 0.060648 
0.135327 1.8722 0.083595 
0.188295 2.053978 0.112939 
0.241139 2.227738 0.14264 
0.294028 2.394311 0.173948 
 
 
c)  30 vol% Ni – 70 vol% ScSZ 
 
BET Surface Area: 6.9220 ± 0.0508 m²/g 
Slope: 0.621550 ± 0.004522 g/cm³ STP 
Y-Intercept: 0.007343 ± 0.000922 g/cm³ STP 
C: 85.645306 
Qm: 1.5901 cm³/g STP 
Correlation Coefficient: 0.9999206 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.09475 1.571322 0.066611 
0.135942 1.710654 0.091971 
0.188672 1.874447 0.124062 
0.241433 2.031307 0.156685 
0.294106 2.182445 0.190907 
 
 
d)  40 vol% Ni – 60 vol% ScSZ 
 
BET Surface Area: 6.6430 ± 0.0188 m²/g 
Slope: 0.645057 ± 0.001813 g/cm³ STP 
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Y-Intercept: 0.010246 ± 0.000369 g/cm³ STP 
C: 63.956855 
Qm: 1.5260 cm³/g STP 
Correlation Coefficient: 0.9999882 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.094369 1.464379 0.071158 
0.135341 1.601096 0.097761 
0.188305 1.764884 0.131447 
0.241154 1.919579 0.165552 
0.294057 2.080683 0.200197 
 
 
e)  50 vol% Ni – 50 vol% ScSZ 
 
BET Surface Area: 5.6123 ± 0.0384 m²/g 
Slope: 0.760911 ± 0.005201 g/cm³ STP 
Y-Intercept: 0.014747 ± 0.001060 g/cm³ STP 
C: 52.598503 
Qm: 1.2892 cm³/g STP 
Correlation Coefficient: 0.9999299 
Molecular Cross-Sectional Area: 0.1620 nm² 
  
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.09509 1.204059 0.087273 
0.135932 1.32512 0.118718 
0.188706 1.476209 0.157565 
0.241393 1.609553 0.197698 
0.294082 1.740867 0.239303 
 
f)  60 vol% Ni – 40 vol% ScSZ 
 
BET Surface Area: 4.5054 ± 0.0377 m²/g 
Slope: 0.944638 ± 0.007932 g/cm³ STP 
Y-Intercept: 0.021588 ± 0.001618 g/cm³ STP 
C: 44.756762 
Qm: 1.0350 cm³/g STP 
Correlation Coefficient: 0.9998942 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.09516 0.941447 0.111708 
0.136002 1.043974 0.15078 
0.188711 1.168611 0.199046 
0.241424 1.282057 0.248241 
0.294141 1.385766 0.30071 
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B.3  BET Surface Area of Micro-Sized Composite Powders of NiO/8YSZ  
a)  20 vol% Ni – 80 vol% YSZ 
 
BET Surface Area: 9.1948 ± 0.0784 m²/g 
Slope: 0.470177 ± 0.003955 g/cm³ STP 
Y-Intercept: 0.003262 ± 0.000805 g/cm³ STP 
C: 145.120948 
Qm: 2.1122 cm³/g STP 
Correlation Coefficient: 0.9998939 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.093912 2.165809 0.047855 
0.135227 2.339917 0.066828 
0.188266 2.541759 0.091248 
0.241172 2.737273 0.116109 
0.29408 2.929851 0.142188 
 
b)  30 vol% Ni – 70 vol% YSZ 
 
BET Surface Area: 8.7269 ± 0.0328 m²/g 
Slope: 0.491441 ± 0.001836 g/cm³ STP 
Y-Intercept: 0.007383 ± 0.000374 g/cm³ STP 
C: 67.567698 
Qm: 2.0047 cm³/g STP 
Correlation Coefficient: 0.9999791 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.094354 1.938096 0.053756 
0.135535 2.113476 0.074183 
0.188533 2.325307 0.099916 
0.241417 2.532481 0.125666 
0.294065 2.737319 0.152178 
 
c)  35 vol% Ni – 65 vol% YSZ 
BET Surface Area: 8.2051 ± 0.0440 m²/g 
Slope: 0.523768 ± 0.002790 g/cm³ STP 
Y-Intercept: 0.006780 ± 0.000569 g/cm³ STP 
C: 78.248258 
Qm: 1.8848 cm³/g STP 
Correlation Coefficient: 0.9999574 
Molecular Cross-Sectional Area: 0.1620 nm² 
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Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.094415 1.847269 0.056439 
0.135841 2.013946 0.078053 
0.188647 2.209565 0.105228 
0.241381 2.396509 0.13277 
0.294066 2.583035 0.161269 
 
d)  40 vol% Ni – 60 vol% YSZ 
BET Surface Area: 8.0787 ± 0.0401 m²/g 
Slope: 0.532325 ± 0.002619 g/cm³ STP 
Y-Intercept: 0.006525 ± 0.000533 g/cm³ STP 
C: 82.585197 
Qm: 1.8558 cm³/g STP 
Correlation Coefficient: 0.9999637 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.093845 1.826917 0.056688 
0.135154 1.989868 0.078535 
0.188284 2.178116 0.106495 
0.241182 2.364 0.13445 
0.294042 2.547501 0.163499 
 
B.4  BET Surface Area of Nano-Sized Powders of NiO, 8YSZ and NiO/8YSZ  
a)  Nano-sized Powder of NiO 
BET Surface Area: 200.6124 ± 0.9069 m²/g 
Slope: 0.021436 ± 0.000096 g/cm³ STP 
Y-Intercept: 0.000263 ± 0.000019 g/cm³ STP 
C: 82.394152 
Qm: 46.0839 cm³/g STP 
Correlation Coefficient: 0.9999698 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.084504 44.43941 0.002077 
0.131645 48.99096 0.003095 
0.187127 53.97084 0.004265 
0.239707 58.56389 0.005384 
0.292957 63.16851 0.006559 
 
b)  Nano-sized Powder of 8YSZ 
BET Surface Area: 126.6948 ± 0.4536 m²/g 
Slope: 0.034050 ± 0.000121 g/cm³ STP 
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Y-Intercept: 0.000309 ± 0.000024 g/cm³ STP 
C: 111.052940 
Qm: 29.1038 cm³/g STP 
Correlation Coefficient: 0.9999812 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.088503 29.13476 0.003333 
0.134027 31.73548 0.004877 
0.187848 34.56786 0.006691 
0.240708 37.35945 0.008486 
0.293594 40.2439 0.010327 
 
c)  20 vol% Ni – 80 vol% YSZ 
BET Surface Area: 143.0877 ± 0.6805 m²/g 
Slope: 0.030158 ± 0.000142 g/cm³ STP 
Y-Intercept: 0.000266 ± 0.000029 g/cm³ STP 
C: 114.491671 
Qm: 32.8696 cm³/g STP 
Correlation Coefficient: 0.9999668 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.085977 32.7695 0.00287 
0.132744 35.81687 0.004273 
0.187188 39.08618 0.005892 
0.24012 42.21932 0.007485 
0.293156 45.41848 0.009132 
 
d)  30 vol% Ni – 70 vol% YSZ 
BET Surface Area: 156.6387 ± 0.6475 m²/g 
Slope: 0.027519 ± 0.000113 g/cm³ STP 
Y-Intercept: 0.000273 ± 0.000023 g/cm³ STP 
C: 101.982013 
Qm: 35.9824 cm³/g STP 
Correlation Coefficient: 0.9999749 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.085185 35.5007 0.002623 
0.132365 38.89477 0.003922 
0.186939 42.55132 0.005403 
0.239905 46.04436 0.006855 
0.293019 49.60323 0.008356 
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e)  35 vol% Ni – 65 vol% YSZ 
BET Surface Area: 161.4507 ± 0.7133 m²/g 
Slope: 0.026697 ± 0.000117 g/cm³ STP 
Y-Intercept: 0.000266 ± 0.000024 g/cm³ STP 
C: 101.535251 
Qm: 37.0878 cm³/g STP 
Correlation Coefficient: 0.9999713 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.084953 36.52438 0.002542 
0.132199 40.0808 0.003801 
0.186958 43.87302 0.005241 
0.239959 47.45562 0.006653 
0.293035 51.11383 0.008109 
 
f)  40 vol% Ni – 60 vol% YSZ 
BET Surface Area: 166.3702 ± 0.5684 m²/g 
Slope: 0.025894 ± 0.000088 g/cm³ STP 
Y-Intercept: 0.000272 ± 0.000018 g/cm³ STP 
C: 96.362136 
Qm: 38.2179 cm³/g STP 
Correlation Coefficient: 0.9999828 
Molecular Cross-Sectional Area: 0.1620 nm² 
 
Relative Pressure (P/Po) Quantity Adsorbed (cm³/g STP) 1/[Q(Po/P - 1)] 
0.08499 37.52507 0.002475 
0.132293 41.15355 0.003705 
0.186949 45.05703 0.005103 
0.239833 48.79617 0.006466 
0.292933 52.63119 0.007872 
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APPENDIX C 
C.1  Images after Indentation for Films Fabricated Using Terpineol Ink (Ink A) and 
Texanol Ink (Ink B) 
A series of identical circular marks was left on the green films fabricated using inks A and 
B after a spherical indentation with an applied load of 300 mN as presented in Figs. C.1 
and C.2, respectively. In the case of the sintered and reduced films, a range of diagonal 
marks were produced resulting from the Vickers’s indentation at various loads ranging 
from 300 to 1000 mN as shown in the same figures. The length of the diagonal lines is 
proportional to the applied load during the indentation. As revealed in the figures, the 
length of the diagonal lines of the sintered films is smaller than that of reduced films at any 
equivalent loading force because the latter is more porous than the former. 
      
     
(a1) 
(b2) (b1) 
(a2) 
300 mN 300 mN 
700 mN 
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700 mN 
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301 
     
Fig. C.1 – Images after indentation for (a) green (b) sintered and (c) reduced films 
fabricated using ink A having (1) 1 wt% and (2) 3 wt% binder 
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Fig. C.2 – Images after indentation for (a) green (b) sintered and (c) reduced films 
fabricated using ink B having (1) 1 wt% and (2) 3 wt% binder 
C.2  Average Load-Depth Curves from Indentation Tests 
Figs. C.3 and C.4 illustrate the average load-depth data acquired according to procedure 
outlined in section 7.2.2 (Chapter 7) for green, sintered and reduced films fabricated using 
inks A and B at different binder contents, respectively. As shown in the figures, the 
maximum depth of penetration is smaller in case of sintered films compared to that of 
reduced films at any equivalent loading force due to the fact that the latter is more porous 
than the former. 
(c2) (c1) 
1000 mN 
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Fig. C.3 – Loading force against indentation displacement for films fabricated using ink A 
having (a) 1 and (b) 3 wt% binder 
(a) 
(b) 
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Fig. C.4 – Loading force against indentation displacement for films fabricated using ink B 
having (a) 1 and (b) 3 wt% binder 
(a) 
(b) 
